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ntennas, “especially. when combined tty 
t really a distinct group. They, fall into | 
ng wave oF driven BLADES Faien0ry How- 


ever, especially in the lower end of the RF spectrum 
(10 kHz- 30 MHz), vertical antennas are widely used 
and are discussed as a separate group. 

Leaky wave antennas, such: as the Directional 
Discontinuity Ring Radiator, or DDRR for short, though 
they launch and receive a vertically polarized wave 
and consequently could be grouped as ‘‘C”’, due to 
their unique construction are considered separately. 


Traveling Wave Antennas 


Type 1. This is a group of endfire antennas 


ve _ utilizing an array of parasitic elements or wave guiding 


structure with energy directed towards or from a 
primary driven element. The categories are: 

1. Yagi-Uda Parasitic Array 

2. Backfire - 

3. Quad or closed loop array 
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4. Quagi (Quad: we" ant oe a ae phase. haiweand thet tacos wave and the 


Ferichcal + o . Ae aaa ee space wave at the end of the antenna be Bq 
_ §. Birdcage . P 180°. A general rule of thumb has: always been Te 
. Once again “ot all categories are distinct. A back. longer itis the better it is (higher gain). 
fire antenna is a Yagi and reflector combination. _ Recently several references have dovetail non 
~ However since modifications are required to the Yagi " standard techniques for optimizing gain "4 3 


when combined with the reflective screen it is at boom length Yagi. 
best a hybrid and will be considered separately. | ao The Ascendency Curve Yagi? 
(This is not meant to diminish the importance of Represents a design by formula called the asce - 
it firing off the back and not the front end of the Yagi.) © dency — descendency curve. It recognizes the ir 
_. The same holds true for the Quagi. Though con- relationships between the high number directors (5 
structed of “Yagi type” elements and closed loops and 6) and their effect in increasing the overall 
by virtue of its eg paciermance rates a geparsie forward gain. Improvements of the order of 10 to 20 
Sateaery. | percent are indicated by the careful adjustments 
at e : . of non-uniform director spacings. An example o a ' 
8 element, 13.1 dBd gain Yagi is given. For actual 


reflectors (the parasitic elements) that enhance radia- Ung R = Reflector og mete. tie 
tion In one direction, =~ - ete He ee ee ha 

The Yagi has been utilized by the military, com- 
mercial interest and experimenters alike. It is simpie, 
rugged, can be made of ali metal construction 
and consequently be DC grounded for lightning 
protection. 

The simplest Yagi consists of a driven element and 
either a director or reflector. On the other extreme is 
an 80 wavelength tong, 26 dBd (dB with respect to 
a reference dipole) experimental Yagi.' One of the long- 
est boom Yagis in present use consists of 12 ele- 
menis and is 152 feet fong."® 

A typical 3 element Yagi is depicted below.’ 
(Figure 1) 


1. Yagi- Uda Parasitic Eee design information the reader is. referred to the 
The Yagi-Uda antenna, invented in 1926, is a parasitic Original source.* (Figure 2). A Aad 
structure that supports a slow surface wave along D6 = 6th Director ‘3 heh eee le 
its fength. it consists of a number of directors and i DE = Driven Element — } 
Rk 
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Note the ascending — descending spacings be: 
tween the higher number directors. This Yagi is 
dimensioned in inches for operation at 222.5 MHz. 

(Which set of element lengths to use depends u upon — 
design bandwidth requirements and are clearly de- 
lineatedinthe reference.) 20 3) ae 

c. The Modulated Ladder Antenna 3 re 
The modulated bes antenna is basically al muiti- 


ment lengths and spacings. The advantages indic at 
i | by this design are very high gain (26 iy 
ie ll 1. Typical 3 Element Yagi minimum sidelobes over a substantial bar 


Its elements can be linear, X-shaped or in the ee exhibit an. average beamwidth (H-plane- bean 


of inverted Vees, each with its own merits, is larger, E-piane beamwidth is less) and gait 
a. Standard Design calculated from the formulas: iPr Bt ie | 

There are several “recipes” for standardized con- — Beamwidth = 55V thin degrees _ able 
struction of 3 or more element Yagis. One such — aie 2 | Gain = 10 log o(@t/) in dB a 


recipe suggests that a single reflector be placed > {= array length (same 
between 0.2 and 0.25 wavelengths behind the driven The concept GREG highs 
element and each added director of 2.5 percent — 
diminishing length and 0.2 wavelength separation 18 - described in 
_ frontofthedrivenelement.) +o 

The Hansen-Weodyard condition’ specifies that high | 7 “Gite Mo 
pains, are achievable as tong as the difference iD ae 


7s We 


gis irs copes in -apin 0.7 75 dB) occurred when a trigonal 
te nO ouoratlantor was utilized as Hlluatrated below in Figure 3. 
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Figure 3. Yagi with THigone Reflector _ 


With weil over 400 U.S. references to Spat an- 


_ fenna development available since 1928°* and several 


definitive projects, some involving 3 or more years 
of research,’ the Yagi antenna Is probably one of the 
most intpreating, usekul and weli studied antennas 


_.. .. around. 


2. Backfire Antenna 


The Hansen-Woodyard condition, referred to pre- 


viously, stated that the maximum gain of a Yagi 


is proportional to its length provided that the sur- 


_ face and free space wave 180° phase relationship 


is maintained. A Backfire antenna is basically a 
Yagi pointing towards a large reflector. (Figure 4) 


LR = Large Reflector 

D =Director — 

DE = Driven Element 
~ R= Reflector - 


LR= larre Heflector 

D =Director — 

DE = Driven Element 
_ R = Reflector 


It takes advantage of the H-W condition dy for- 


cing the surface wave to traverse the physical 


length twice. This results in greater gain and fre- 
quency bandwidth than its equivaient length Yagi.’ 
Backfire antennas have been used at the high 


end of the RF range with gains in excess of 23 
- dB, at UHF with gains of 10.5 to 14 dB’ and at 


VHF with gain improvements of 4.5 dB over the 


J isolated Yagi." ‘ 


3. Quad or Closed Loop Array 
The cubical quad, or quad for short, was de- 


veloped in 1942 by Clarence Moore.® It is a parasitic 
traveling wave structure with loop elements approxl- 


mately one wavelength in circumference. It is similar 
to the Yagi in several respects yet its differences 


are more widely known. These are: 


a. Approximately 2 d&6 greater gain than the equivalent 


x mage Yagi. 


. “Quieter operation” — Less sensitive to precipita- 


Hh static 


_¢. Feedpoint impedance closer In value to standard 
_ transmission line characteristic impedances 


d. Lower mounting height for the same takeoff 


or elevation angie as that of a Yag}. 


e. Polarization can be changed by simply changing 


feedpoints. 


Handbook style design criteria for a 3 slement 
quad follows from these basic formula: 


i) Circumference of driven element = 
2) Circuraference of reflector element = 
3) Circumference of director elament = 


1005/iMHiz feet 
1OCONNMHZ feet 
S7S/iMHz feet 


interelement spacings of from 0.15 A to 0.20 A are 


typical. 


Power gain in dB above an isotropic of a closed 
ioop is more a function of its perimeter and not 
shape. This has given use to loop designs with 
other than a diamond or rhombus configuration. 


® Circular Loops 


Research on ‘Sarge circular loop arrays'' have 
indicated that the loop perimeter for enclosed area) 
and relative thickness of the conductors are gain 
determining factors. Antenna area and gain are re- 


lated as follows: 


G=4n Ale 


where A (area) and A2 are entered with the same 


units of measure. 


Figure 5 illustrates current distribution in diamond, 
square and circular 1 wavelength circumference 


loops: 


© Delta Loops 


Another popular form of loop array has a delta 
or triangular shaped element. It has the added ad- 
vantage, especially at the lower end of the HF 
spectrum, in that it only requires a single high 


support, per element. 


Delta loops exhibit substantially different take- 


| off angles when inverted versus non-inverted, fed 


me 


al a corner or side and elevated versus erected 
close to the ground or ground system.”? ** 
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Figure 5. Closed Loop Current Distribution 


@ Bi-square Array 


As mentioned earlier conventional cubical quads 
have a 1 wavelength perimeter. A diamond-shaped 
quad wouid then have 4 sides each 4/4 long. The 
Bi-square loop is similar in shape and radiation 
direction (broadside) to the quad with the added 
advantage of 3 dB more gain. This additional gain 
is achieved by making the sides 4/2 in length. The 
total perimeter of a Bi-square loop is 4 x M2 or 
2 4. By adding a parasitic refiector or director 
gains over $ dBd have been claimed.** 


® Alford Loop 


One means of increasing antenna efficiency is to 
increase its radiation resistance. The Alford loop is 
a large square loop, consisting ef four dipole ra- 
diators for sides. The radiation resistance is much 
higher than that of an ordinary loop. A typical Alford 
lsoop"* is indicated in Figure 6. 
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Figure 6. The Alford Loop 


4, Quagis 

The Quagi is a hybrid antenna that combines 
the best features of the cubical quad and the Yagi 
beam. lis directors are linear elements as in a Yagi 
while the driven and reflector are closed loops. 


. 
= Ney 


The immediately apparent advantages are oreater 
gain over an equivalent number of siemeni Yagi 
and simpler and more repeatable construction tech- 
niques. (Figure 7) 

D4, D3, D2, D1 = Directors. 
DE = Driven Element 
R = Refiector 
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D4, DS, 02, Dt = Directors 
DE = Driven Element 
R= Reflector 
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Figure 7. A6 Element Quag! 


5. Helicals 


The front cover of this month's issue depicts a 
right-hand circularly polarized helical antenna operat- 
ing at 468 MHz. Unlike dipole antennas where the 
electro-magnetic wave traveis at the velocity of light 
the velocity of the wave along the axis of the helix 
is lower. it depends on the, frequency, diameter 
and number of turns per unit length. 

Helical antennas are categorized by their shape 
(cylindrical, flat or conical) and their mode of opera- 
tion: normal or axial. 


@® Normal Node 


Distinguishing characteristics of a norma) mode 
helix are their smali diameters and lengths with 
respect to wavelength. The radiated field is elliptically 
polarized. Circular polarization is obtained with a 
resonant helix at 40.9 height/diameter ratio."’ 


® Axial Mode 


The axial mode helix is used as an end-firs 
circularly-polarized radiating beam. Gain is nearly 
constant over an octave. Both gain and beamwidth 
are a function of the number of turns — gain 
increases, the beamwidth decreases with increasing 
turns. 

Axial mode helices are used for communications 
between terrestrial stations anc orbiting satellites. 
Figure 8 illustrates a helix and its dimensions utilized 
for just such an application — radio amateur com- 
munications with OSCAR 7.76 

D = Diameter of Helix 

S = Spacing between turns 

a= Pitch angle = Arctan (S/nD) 
L= Length of 1 turn 

n= Number of turns 

A= Axiallength = nS 
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D = Diameter of Helix . 
S= Spacing between turns A= Axial tength=nS 

a = Pitch angle = Arctan(S/nD) d = Diameter of conductor 

L= Length of 1 turn: g = Separation between ground 
n = Number of turns G = Diameter of groundpiane 


Figure 8. Helix and Dimensions 


d = Diameter of conductor 

g = separation between ground 
_... plane and first turn 

G = Diameter of ground plane 


 -&. Birdcage 7 
The birdcage is a unique 2 element parasitic 
_afray that borrows favorable characteristics from 
the cubical quad and Vee beams. invented and 
patented by Dick Bird, a British radio amateur, 
jn 1958,'* it closely resembles a bird cage. (Figure 9) 
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Figure 9. The G4ZU Birdcage Antenna 


_ Several attractive features of the Birdcage are: 
a High gain — between §.5to 10dBd. — 
b. Extremely compact —~ very small turning radius 
even at the low end of the HF spectrum. . 
c. Feedpoint impedance — 40 to 50 ohms, idea 
- for matching to standard coaxial transmission lines. 


ie Traveling Wave Antennas 


Type 2. This is a group of antennas using a 
: rimarily wire, that is long. 


with respect to the operating wavelensth. These 


antennas are additionally grouped by ‘heir height 


above ground. 


@ Elevated above ground (>4/8) 


1. Long wire antennas 
2. Vee antennas, Vee beams 
3. Rhombics 

Unlike the previous Type 1 (Traveling Wave An- 
tenna) Type 2 antennas evolve. That is long wires 
“7” make up Vee antennas “2” and Vees combine ta 
form Rhombics "3". 


1. Long-wire Antennas 


The old adage “the bigger the better’ applies 
to this type of antenna. A long wire antenna when 
fed at one end either directly (Fuchs antenna) or by 
means of a transmission fine has a radiation pattern 
that directly relates to its length and height above 
ground. Radiation from end-fed long wire antennas 
is broadside when the overall length is 5/8 wave or less. 

As the length of the long wire increases above 
5/8 wave the radiation pattern forms inte a cone 
coaxial and away from the feed point as lilustrated 


below. (Figure 10) 
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Figure 10. Long wire Antenna Pattern 


A table of the focus (angle) of first maxima of 
the cone of radiation versus long wire length is 
given below: (Table 1) 


Tabie 7 


The advanages ot this type of antenna are its 
simplicity, high gain (for many wavelength long wires) 


and low cost to install and maintain. 


2. Vee Antennas or Vee Beams 


' Vee antennas represent a natural progression 
from long wire antennas. They have the added ad- 


23 


vantages of greater gain, (3 dB versus same length 
jang wires) sharper directivity and reduction of some 
sidelobes. Two jong wires of specified length (A) can 
be combined at one point to form a Vee beam of 
related angle (2a). This is to say that length and apex 
angle are related in optimized gain Vees. 

Figure 11 illustrates spatial lobe combination and 


Lobes 14+ 2 Cancel 
Lobes 3 + 4 Cancel 


‘ 
cn 


Feediine 


Lobes 5+ 6 add 
Lobes 7 +28 add 


: Figure 11. Vee Beam Construction from 2 Long Wires 


cancellation in the long wire construction of a 
Vae bean. 

As illustrated a Vee beam, when properly con- 
structed is bidirectional with maximum radiation 
along the bisector. 

When resistively terminated at the ends the Vee 
Beam is unidirectional and radiates towards (and 
receives from) the left. 


3. Rhombics 
a. General 

A rhombic is a four-sided, diamond-shaped high 
gain wire antenna. I provides a high signal-to- 
noise ratio for reception and a relatively !ow take- 
off or elevation angle. It exhibits a nearly constant 
feedpoint impedance over a wide bandwidth when 
properiy terminated at the far end. A terminated 
rhombic is illustrated below. (Figure 12) 

Maximum radiation ts indicated along the bi- 
secior towards the left. Design terminology and 
criteria are as follows: 


} = tit angle 

& = vertical angle 

H = height above ground 
._L= long side length 


Using readily available charts'® and assigning values 
to two out of four of the parameters the remain- 
ing two are calculated. 

Assume a 15° vertical angle is required. (Based 
on a specific propagation path and mode) and a 
maximum side length of 5A is all the existing prop- 
erty will allow. 

What tilt angle and height above ground does 
that calculate out to? 
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Side View 
} R= 700-800 Ohms eee 
Termination °° 


Figure 12, Rhomble Antenna 


The referenced chart indicates that a tiit angle 
¢ of 71° and a height of 0.954 or 2.81 will suffice. 
The lower of the two (heights) for practical considera- 
tions is chosen. 

Terminations for rhombics are non-inductive re- 
sistors or in the case of very high power trans- 
mitters lossy batanced transmission line is utilized. 


6. Multistrand Rhombies 


Often for broadbanding purposes or for lowering 
the feedpoint impedance rhombics are muitistranded. 
That is each leg consists of two or more con- 
duciors separated by several feet at the side poles 
and brought together at the forward and rear sup- 
ports. 


c. Nested Rhombics 

A nested rhombic/configuration is a pair of 
staggered coplanar rhombics with a common feed- 
point. It exhibits substantial gain {27 dBd), broad- 
bandedness, low vertical angle and lower (sidelobes) 
than a conventional rhombic. 


Li= 29.5 Feet 
L2 = 50.67 Feet 
R = 660 Ohms 


Figure 13. 144 MMz Nested Rhombic 


Fabruary 1980 


This nested rhombic is fed by 300 ohm balanced 
line, is mounted 12.29 feet above ground and has a 
vertical and horizontal beamwidth of 5.5° and 8.5°, 
respectively. 


@ Close to the Ground (< Al3} 
© Baverages| 


A Beverage antenna is a horizontal longwire 
antenna utilized especially for reception of low- 
frequency vertica! polarized waves. It normally con- 
sists cf a singie wire several wavelengths long 
erected close to the ground, or even on the ground, 
and terminated at the far end in its characteristic 
impedance. 

An outstanding merit of this antenna is its ability 
to “pull signals out of the noise’. The low end of 
the HF spectrum is typically atmosphere noise 
limited as opposed to thermai noise limiting in the 
higher RF ranges. Most HF antennas previously 
described present large signal and noise voltages at 
receiver terminals. The Beverage, on the other hand, 
generates a lower signal voitage while at the same 
time a considerably lower noise voltage. The overall 
effect is to produce a better or higher signai-to- 
noise ratio which is reaily the name of the game 
in communications intelligibility. 


@ Parallel Wire Beverage Antenna 


An interesting and very useful feature related to 
the operation of a Beverage is the ability to reject 
signals not only off the back but off the sides — 
selectively. By tuning the complex termination 
impedance depth and direction of rejection can be 
adjusted. 

A twin or parallel wire Beverage places the ter- 
mination network close to the receiver (and opera- 
tor). (Figure 14) 


Parallel Wire Beverage Antenna 


T,, T2= Transformers 
N = Network 
(Variable 
impedance) 
R = Receiver 


Figure 14. Parallel Wire Beverages Antenna 


Nays T,= Transformers 

1 Ce N = Network (Variabie Impedance) 
| R= Receiver — 

eral comprehensive research efforts have @x- — 
r nany aspects of Beverage antenna design,” 


| a of the National Bureau of Standards. 


development, deployment and measuremeni. 7°. 7" ??. 
22.24 They are well worth reading about. 
Part 2 in the series continues with ‘Driven Antennas.” 
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~ Photo of log periodic stacked array used in Artificial Radio Aurora experi- 
ments courtesy of Mr. ato + Stoner, N.T.!.A., Boulder, Colo. , 


Driven Antenriag 


A driven antenna can be defined as an array of 
two or more elements, separated in phase (electrical 
and/or spatial), hard connected via conductor or 
~ transmission line(s) and combined so as to develop 
a specific azimuthal! or elevation pattern. 

Driven antennas can be “loosely” subdivided into 
Fa Broadside and Endfire categories. “Loosely” is meant 
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rotated $0° become Endiire arrays and vice versa. 


“a e Broadside 


ea (or reception) perpendicular, or steerable 
_ the antenna or array. Four distinct types of Broad- 
side arrays are considered though it must be 
relterated that certain types of Endfire arrays can 
by: spaliah reorientation be considered sini Ma 
ands avi Ae | aoiek 
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to imply that some Broadside antennas when spatially © 


A broadside configuration. ‘is ead by 


from the norma! or perpendicular to the piane of | 


"Tha four types are: at) idee ala . — 
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Antennas 
in The RF 


... 10 KHz to 2000 MHz. The 
discussion of RF antennas — 
conciudes with Driven, 
Vertical, Leaky-Wave and 
Reflector types considered. 


Curtains 


a. General | 

A curtain consists of an array of identical radiat- 
ing elements configured in the vertical plane and 
in some cases backed by a reflecting screen. 

Narrow beams and high broadside directivity gains 
are achieved by controlled amplitude and phasing 
techniques. Linear phase variations across the array 
enable the steering of transmitted or received 
wavefronts, 

A uniformly spaced, uniform amplitude array has 


the advantage of producing the narrowest azimuthal 


beamwidth. 
A uniformly spaced, tapered .amplitude array 


‘such as a Binomial or Dolph-Tchebyschev distribu- 


tion Is utilized to minimize sidelobe level ~— a very 
useful technique in reducing susceptibility of « 
receiving antenna to interference. 
b. Specific Designs 

Each of the curtains Illustrated below have sub- 
stantial gain, various feedpoini locations and are 
inexpensive to bulld. 


eau -.) Sterba Curtain (Figure 18) 


Probably the best known Hessbes tee mercy made up 


Jaathig 3 ole a combination of paralie! and collinear elements 
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| ' over a de Ma vertical (Figure, 1 8) * “3 % 
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Lines 
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(5.) X-Array e) ee XY | ; —— 
The capital X array as indicated in Figure 19 
ents 7s gain aoe 4 aN 
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Figure 16. 5 Element Bruce Array ee 


(2.)5 Element Bruce Array (Figure 16) 

fhe Gruce Array is configured with atethatlng 
44 long vertical and horizontal eiernents. The radia- 
tion from the vertical sections are in phase and 
add while the radiation from the horizontal sections — 
are out of phase and cancel. Typical gain of the — 
5 element array is 4 dB above a single quarter- Beste and Colfinears: 


wave vertical eiement. a. Unstubbed i 

(3,) The Chireix-Mesny Curtain There are two distinct: categories of unstubbe 
The G-M curtain consists of 4/2 dipoles configured dipoles: center andoff-centerfed. Preteens at 

In the form of diamonds. it is a center fed array yi centerfedDipcles $= 

with a broadside rpg tts Srsagail shes 'Flet-tops and Inverted-vees. Both confi 


perce 7 . | h lege. and Imbortan prepentieg are tabulated Hyon 
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Length uals steer dey Gain 
M2 half-wave odBa* 
hs double Zepp As age 


4.28) extended double vac 3. whi Bd 


cThis is the reference dipole) 


silt r 

_ The extended double Zapp is the longest ¢ 
fed dipole with a radiation pattern rema 
| right angles to the line of the antenna. be 
| (2)Off-centerFed 

aig yield Ae age and thelr harecteristice are | tabula 
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| (4 Bonsel Curtain af SiGe a? 4 ened arty 
Fae Bobtali Curtain: “A a bicadslae: array of three : 
Coat top: current fed quarter wave verticals. Each ‘vertical 
end section is separated from the middie section 
180°. ref es bai sd Ceo t 


ania Ngee bioltra: 


207A i 


231 bing | & 
OF fe Fad rtige 4 
> 


i. b. ena | Late 
“Stubbed “dipoles” are phase adi ating elements 


| eared in a singie line or celiinear. The stub 

i between elements insures that each successive 

element Is fed at the same phase relationship. 
-A three element horizontal collinear is iliustrated in 
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a Figure 21. 3 Element Horizontal Collinear 
Ne ~ “ttisa ‘simple antenna and can be fed at almost 
pain» any point. Additional gain is achieved simply by 
adding another stub and half-wave element. 
ote: _ The vertical counterpart of this collinear is called 
acta A @ Marcon!-Franklin Ke (Figure 22) 
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rf. design 


. ison In both. antennas: current direction is Indicated 
4. Cardioic Seam Antenna 


tL Feadpoint 
Figure 23. Trombone T ~ 


4, Lazy Hi 


The Lazy-H is a twice as large version of the 
Trombone T. Gain is approximately 6 dBd (5.8 dBd) 
he it is voltage instead of current fed. See Figure 
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_Figure 24. f bany H 


@ Endfire 


An endfire configuration is characterized by radia- 
tion in the same plane formed by the antenna or 


' array. It can be further subdivided into the broad 


categories of Frequency Dependent or Frequency 


SOSp angen 


® Frequency Dependent 
Antennas that operate over @ narrow band ia 
maintain directional patiemne and feedpoint impedance 


i response appropriate for its intended use are con- 


sidered in the clagsification -- Frequency “o ahed 
They are: 

1, BJK 

2. Doubie Triplex Seam 

3. ZL Special 


1. BK dena 
vy The 83K was named after its inventer John 
hagameres Kraus metal (Radio: amateur call sign). i ie an 


* a 
Te 


re. io ipabltier 


a 


endfire array with approximately 4.3 d3d bidirec- 
tlonal gain. { Is © simple antenna to construct 
with rellable performances. It is iilustrated in Figure 25. 


gers wi coe eldest. 


2. Double Triplex ean 


Tne Double Triplex. Beam is basicaliy an JK 
with the single linear conductors replaced by triple 
eee it has the added advantages over the single 
8 JK of: 

-~- Broadband frequency response 

- High radiating efficiency (300 ohm feedpoint 
impedence) 

— Good wet weather performance. (Ses Figure 26.) 
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Figure 26. Double Triplex Seam 


3. 2. Special 

The Zi. Speciai is a two element driven end- 
fire array. The slemants are electrically driven 135° 
out Gf phase and are spatialiy phase separated by 
an additional 45°. Is unidirectlonal, has a 20 dB 
front to back ratio and is lightweight and easy to con- 
struct. (Figure 27) 


Feadling 
Figure #7. Zi. Special 
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4, Cardioid Beam Antenna | 


A unidirectional endfire pattern is generated If 
the total-phase separation (electrical & spatial) be- 
tween elements is 180°. (Le. the respectively gan- 
erated wavefronts must combine in 1. direction 
(0, 360°) and cancel in the opposite direction (180°). 
The Cardicid Beam Antenna develops this 180° 
phase separation with a 90° elecirical and 90° 
spatial phase condition. The resulting pattern is of 
a broad-nosed cardigid response. (Figure 28) 


Figure 28. Cardicid Beam Antenna 


® Frequency independent 


Conversely, antennas that maintain a relatively 
constant terminal (feedpoint) impedance and vartical 
angle (elevation angie) or display other frequency 
invariant diractional properties, over severa: octaves, 
are classified as frequency independent. The fog- 
arithmicaily periodic array or log periodic for short 
is a prime example of an RF range frequency 
independent antenna. 


Log Periodic Arrays** 

A Log Pertodic array is a multl-element end-fire 
driven antenna in which adjacent elements length 
and spacing are equal fo aconstant ratio r. 

A second parameter o is related to the ratlo of 
the separation between adjacent elements and 4 
times the fength of the shorter element. An illusira- 
tion and set of formulas will help clarify. See 
Figure 29. (On page 15). 

The gain of a Log Periodic is a function oF 
zvand o. Other design criteria are: 

22, = 0.47 Amex 
2 i min ® 0. 38 Amin 
R; -Ryrin 2 0.50 Amax 

With these erltteria and the required high and iow 
frequencies 3 nomographs are used to complete the 
design. 


Verticals 


The simplest of vertical antennas is sometimes 
represenied as the evolution of an open-ended 


March 7980 


_ fy imax 


0.1<6¢0.15 
t>0.75 


Figure 29. Log Periodic 


coaxial transmission line. The outer conductor is 
folded back exposing the Inner conductor and the 
combination of inner and outer conductors form a 
complete radiating system or antenna with specific 
feedpoint impedance and directional pattern. 

The vertical antenna is probably the most widely 
recognized radiater by the public due to Its prolific 
utilization by commercial AM broadcast stations, 
naval whips and hobbyists in the form of amateur 
and CS car and roof-mounted ground planes. 

Discounting re-orlented horizontal antennas and 
special categories such as the stubbed collinear 
or Franklin array, discussed earstier, verticals can be 
classified as follows: 

1. Single driven conductor, langth < 5/84 
2. Single driven conductor, length > 5/84 
3. Broadbanded verticals 

4. Special application verticals 


1. Singie Driven Conductor, Length < 5/8, 


Vertical antennas are commonly utilized at the 
following heights: 1/4 4, 1/2 A and 5/8 A. All three 
heights lay down a maximum signal strength (the- 
oretically) at the horizon or zero elevation angie. 
This reguires that the ground mounted vertical work 
against an infinite extent, infinite conductivity ground 
system. | ) 

The field strength, under these conditions, along 
the horizontal as a functlon of antenna height for 
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a vaio grounded radiator with one, kilowatt radiated 
power is tabulated below: | ax Koed Dette! 


Antenna Height “Field age aa™! ct 

pa anabokel jaalgaarg 186mvimeter 
M2 236 mvimeter > 
5G A 278 mvimeter i: 


“Such is rahag the case. Usually, in commercial 

ervice, (AM broadcast) 120 radials are iaid out 
avery 3 degrees. This does help stabilize the im- 
nadance of the vertical system though in itself 
does not jower the maximum radiation angle. to the 
‘horizon. 

Simple techniques are. however available for @s- 
tablishing an extremely fow (as low as 0°) eleva- 
tion or takeoff angle. Mounting a vertical above 
ground with a radial or counterpoise system droop- 
ing downward at about 45° helps to significantly 
lower the elevation angle (of maximum radiation). 
One precaution worthwhile mentioning is\that the 
counterpoise should be at least a /4 above ground. 

Numerous studies have developed working re- 
iationships between vertical antenna te Prva 
length and number of radials, 79.27.7820" = 


2. Single Driven Conductor, tenants >Sl6A 

Verticals greater than 5/81 In continuous length 
are difficult fo construct for the tower frequencies 
and as a result of vertical angle lobe splitting and 
its concomitant high angle radiation are not as 
widely utilized as the previous category. 


3. Broadbanded Verticals 


There are several vertical antennas that operate 
over large bandwidths with VSWARs not exceeding 
2.0:1. Two of them, the Discone and the Conical 
Monopole are discussed. 

&. Discane 

The discone is a wideband vertical rilesoe that 

can be directly matched to a 50 ohm system. The 


 amin= coax 


 6=03amin 
D#d0.7 amax 


rie 4 


- outerdiameter of | 


Ady ferB ri Les 
tiv * ui 
baeie configuration of Discone: ‘ts indte ce 
_ Figure 30. 5 
_ “The vSWA frequency: variation at the low e 
the band is: determined by L and 8. An ont 
_discone with @ = 60° and a/L = 4/22 has 
of Jess than 1.5:1 over a 7 to 7 frequency f 
and a VSWR of less than 2.0:1 over a 9g Lr 1 fre 
quency range. casas ia a + Ips bappen 
6. Conical Monopole . ; 


0 ew oe 


The conical monopole is short vertical radie 
ressambling two terminated cones” placed base 
base. It operates over a 4:1 bandwidth, and | 
high radiation efficiency. The configuration w 
dimensioning | is diy cere elves ~ "Gee Bi ati ties 
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4, Special saraleaiae Verticals bas. 7 
LF and VLF applications are probably the hardest 


due to several conflicting constraints. Foremost is 
the operating ane tane — in a word . victh’ 1g. 
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cies must be 1 maintained. Two, out of many 
ae ations, that are in themselves tradeoffs, are 

digeussed. Siw es 20! oe = ile if 1s4. B si 
da. Type Ut 
4 The type. UG antenna, ‘has. the. shape. ‘of a capital 
T as illustrated below with dimensioning given 
26200 nH Be 2) MHz operation. Capacitor C is varied. until 
vo toda. favorable _ afepcpainn isppedance:s! ‘is. HeveloneA Fa: 
i es (Figure 32), atstt AH 
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eller < b. NORD - 
Gail The NORD. is < a . short vertical antenna, used at 
fLe and ME. {t-has a. sufficiently high bandwidth 


.. . band radiation efficiency, for its intended use. It 
awio fis basically three. over-coupled tuned circults. A. 
so! id center tower is used as a common element. See 
ae 33. 
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G4, C2, Cy 
are variable 
Capacitors 


Figure 33. Nord Antenna 
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| Leaky W Wave ROHS” 


nein: | 
CHIN sage silhouette (close to ground) or controllable | 
M aperture distribution i.e. beamwidth and sidelobe — 
7 ot iavel. Several types identified here are: 
| 1. DORR 
7 2. FastWave....__: 
\ 3. Slow Wave ut 
fitiw W apie — e motlia' © golretve! 
Aree 
14. DDRA 
teaitn 


a. M4 DDRAR 
oe Moe The Directional Discontinulty. Ring Radiator de- 
I vetoped by J.M. Boyer Is an omni-directional low 
| profile vertical polarization radiator. it is a single 
telber j circular, open-ended. element mounted. horizontally 
a Hol: a short distance above a ground plane. See Figure 34. 
| According to theory the DDAR antenna ring forms 
asine a transmission line with its ground plane. The slot, 
between the ring and ‘ground plane ‘being Fe dis- 


© Beontinuity, radiates ‘continuously in a direction | 


¥ wee vs > 


i transverse to the ring axis, 

~The advantages of this. antenna iReluble eae 
3 j horizontal dimensions, extremely low height and 
simple construction. Since Ris DC grounded ire 
ol _p duced charge static is Bot a problem as it is with 
By asuQunPDIstos taf ylleriY VPAS naalxot 2b 


enis -T 


'bN2DDRR “ier wow sSoged ft 
Hom ~ larger version of the right ppRA is available. 
| Primary advantage is an increase in Sein It is as 
depi cted in page 35. - 
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Leaky wave antennas can be identified by their 


O= 0.078 (26°) 
hr= 0.0074 (2.5°} 
X=f(Z,) 

(Tap distanceisa 
function of coax - 
impedance) 


| Figure 34. NG DORR 


D'=20 

D= 0.156, (56°) 
- Wh=6.007A (2.5°) 

X = HZ.) 


~ Figure 35. 72 DDRA 
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2. Fast Wave 


Another class of leaky wave antenna is the Fast 
Wave Structure. Similar to the DDRA it is a iow 
silhouette structure. it is cut along its length to 
permit the radiation of energy™. The angie of radia- 
_ tion is closely related to the phase velocity of the 
guiding structure before the cut is made. The gaps 
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3. Slow Wave 


An additional category of leaky wave antenna is a 
slow-wave structure. tis periodically-loaded (series 
capacitors or shunt inductors) long wire antenna. 
The radiation angie is determined by the phase 
velocity of the slow wave and the periodicity of the 
loading. The spacing between successive loadings 
must be approximately a half-wavelengn or greater, 
for with closer spacings no radiation occurs. 


Reflector Antennas 


Beam formation In this type of antenna relies on 
the shape of the reflecting surface to focus energy 
from a line or point at the feed position into a 
narrow parallel wavefront beam. The converse also 
holds f.e. intercepted paraliel wavefronts are focused 
into a common line or point location. Two types 
considered are: 


1. Corner Reflector 


A corner reflector is a half-wave radiator with a 
reflector consisting of two plane metal surfaces 
meeting at an angle immediately behind the radiator. 

The radiation fs the sum of direct radiation from 
the dipole and reflections from the planes. Con- 
sequently the pattern depends on the distance from 
the dipole to the corner. 

At VHF the corner reflector is often solid (metal). 
Ai lower frequencies screen wire or metal rod con- 
structed reflectors are used. The maximum gap. be- 
tween the wires or rods should not exceed 0.06). 

Power gains of at least 10 dB to as much as 14 
dB are achievable using a comer reflector. A dia- 
gram with design information Is shown in Figure 36. 
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Figure 36. Corner Refiector 


Principal advantages of the corner reflector are its 
simpie construction and the low side and back 
lobes of the directivity pattern. 
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2. Parabolic Reflectors 


Parabolic reflectors are widely used in UHF 
and microwave radar and point-to-point communl- 
cations systems to achieve antenna gains in excess 
of 20 dB. 

Recently the CATV industry has been success- 
fully utilizing a Half-bolic to receive very weak over 
the horizon VHF signals. (A Half-bolico, as its 
name Impliies is physically half a parabolic refiec- 
tor. When combined with its ground image its per- 
formance is similar to a parabolic reflector.) 

in the low frequency application an offset feed 
is employed to reduce undesired Interaction between 
reflector and feed and to minimize aperture block- 
ing. 
A suitable feed might consist of a log periodic 
array in which the longest element forms the dipole 
feed of a corner reflector. The phase center of the 
corner reflector would be focated at the focus of 
the parabola. Using this technique the maximum 
possible gain and narrowest possible beamwidth 
are achieved at the iowest operating frequency. 

Though 5 types of antennas with 51 different 
configurations were discussed this is not to Imply 
that these are, or were the only antennas ever 
designed. This is a broad sample of most common 
antenna configurations utilized by ali services — 
commercial, government and hobbyist. Modifications 
such as shortening, employing active elements and 
material experimentation affects the properties and 
probably the classifications of the antennas already 
discussed. 

Future articles will delve into specialized antenna 
configurations utilizing some of the above-mentioned 
techniques, and others not yet considered. 
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Radiation | 
- Introduction 

Figure 1 shows an elemental antenna structure connected to an ac 
gource. We wish to determine the conditions under which such a structure will 
effectively radiate electromagnetic energy inte the surrounding region, and we 


wish to develop analytical relations for describing this radiation. We have 
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seen earlier that for static fields, we can wiew the current as the source of 


é Bi 


Figure i 


the magnetic field and the charge as the source of the @lectric field. We then 

can determine the fields from knowledge of the gources most effectively by the fi? 
use of intermediary potentials. In the dynamic case the electric and magnetic | 
fields become coupled, and hence a knowledge of one is tantamount to a knowledg¢ 
af the other since they are always related to each other by Maxwell's equations. 
We may also conclude that a knowledge of one source distribution is sufficiert 


to determine the fields, and such ia indeed the case. 


This conclusion is also consistent with another point of view, n 
that because of the continuity relation, charge and current cannot be indepe 
dently specified and hence the two source distributions that were independent 
for statics are now necessarily coupled. Since in many practical situations 
the current ig known or can be approximated, we pick the current 4s the most 
efficacious choice of the source and develop relations by which the fields can 


be calculated from arbitrary current distributions. 


Potential Theory 
Earlier, in the discussion of electrostatics, we have seen that 
E = -¢ (1) 
where ¢ is the electrestatic potential function. Since, by a vector identity 


also used earlier, 
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9x 97$ = 0 (2) 
we conclude that Eq. 1 cannot hold in the dynamic case because 
Gx Ue Vx EO... | (3) 


We postulate that a time dependent term is missing in Eq. i and, in addition, 
that the potential ¢ should be replaced by the time dependent potential ¢{t), 
which, when time variation ceases, reduces to ¢. Thus we rewrite Eq. 1 for the 
dynamic case as 

E= -¥ g(t) + Fit) | (4) 
where for no time variation, 

¥yit) +0, eit) +o . : (5) 


Now, performing the operation of Identity 2, the resuit is 
vx be ~ ag x (-v oct) +0 x Fe) 
' 
or 


Vx Y(t) = - a ; (6) 


In order to determine ¥(t) in Eq. (6), we relate B to a potential. 


Guided by our experience with magnetostatics where, since 


VeoB=0 7 (7) 
and for any vector, | 
| V-¥x K=O (8) 
we wrote 
Be 9x A 3 | {9} 


where in (9), A is the magnetostatic vector potential, we recognize that for 
dynamic fields, Eqs. 7 and 8 still hold, so for the dynamic magnetic field we 
write 

B= V x A(t) aatiohy ok (10) 
where Ait) is the dynamic vector potential, and for no time variation 

A(t) >A . 7 » (BE) 
Using Eq. 10 in Ec. 6, there results 

Vie ECT). ms ia (¥ x, Alt) 
ox 


wg , 
Y(t) = - aa F a {12) 


This result applied to Eg. 4 finally gives-the electric field ‘and hence the 


magnetic field using Maxwell's equations) from a knowledge cf the potentials, Vig. 


Sahel gee oRiEL ' | (13) 
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VYector Potential, A(t) 


While Eq. 13 is useful to us in the derivations that follow, it is no 


the best equation to use for finding the fields simply because 


it involves both potentials, and from our earlier considerations, we know that 


the potentials are coupled and knowledge of one should be sufficient. Indeed 


if we use Eq. 10 then a knowledge of A(t) alone is sufficient to determine B, 


and through Maxwell's equations, —E. Hence, this latter procedure is the one 


to be followed. How then de we determine A(t) from an arbitrary current 
distribution? 


In order to find a differential equation relating A(t) to i(t), we start 


with the Maxwell equation 
- + aE 
* ES nome 
Vx = i, € = 
and cast it in terms of the potentials by substituting from Eqs. 10 and 


This results in 


iL & bi = Cae ; A(t) | 
yx ‘ ¥ x A(t) i. E 3¢ [v $(t) ars | : 


By considering u to be independent of position, i.e., not a function of xy 
$ 


and using the vector identity, 
Vx VxXA=V(VeaA) - eA, 


Eq. 15 can be rewritten as 


a ) = BS 2p 
[veneer + ve 2822] - Ace) = wT, - ve SEED 


Recalling from earlier notes that a vector field is completely defined when 
both its curl and divergence are specified, we turn our attenuation to the 


wector field A(t). To this point we have defined V x A(t} through Eq. 10, 


namely 
Vx A(t) = B . 


Thus only the rotational source has been specified. To completely specify the 


yector field A(t) we must define its divergence and are free to do so in any 


way we choose since A(t) is an arbitrary vector. Hence, let us take 


V+ A(t) = -pe 2gth). : 


The specification of the irrotational source of A(t) through 16 is called 


Lorentz gauge condition or simply the Lorentz condition. Use of the Lorentz 


condition (18) in Eq. 17 results in the desired equation for A(t) 


oS 
a= es o“A(t} mb aan 
V*ALe) ue mane? ua. 7 
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7 a) ro a 
We recognize Eq. 19 as a “wave equation for A(t). ie that is, se. sol tions 
cape ie 


of the homogeneous equation. in (19) are propagating waves: with phase velocity 


i/vue. We view the term pie as the forcing function foe this equation, and 


deed we have already rae Maecpe: physically the current as ‘the’ source of oa 


potential and hence the fields. One notes that for the static case, Sq: 19 
(bE ak yg ¢ 
yg i, | 


reduces to © we eye 


vil 
£ yy So ae’ Fe 


¥2A m-pi, X cs Dee 
the familiar equation for the magnetostatic vector potential. apes solution of 


‘ (+ mya * * he 
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al : 


Eq. 20 is known from peeviour experience to ke , 
‘s i, ae 
: a 


v i. (xr?) dv 
A(r) = iff creates ie 


where © and r’ are defined in Fig. 2. Thus to determine the foe vector = can= 
°y SS 


tial at point r, one must add the. contr tributions of each source current element 


ie 


Fae Sov - oe & 


QU 3) 
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Fig. 2 


i. dv by integration over the source volume. Guided by 21 and roe ia 
soluticn to the homogeneous equation in of we write the solution to ‘Eq. Lae 


te o ; aan 
vv, ee | , ey eS eee 
$ _ & ; . ee 


The potential given by 22 is called the retarded vector potential. 
ig a rad ee 

readily understood if one recalis the. knowledge gained from ea : 
tb 
pulse propaga rien on transmission lines. cons. socomnbens 1 
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delay of [x-r’|/v, seconds. Of sourse for harmonic time variation, Eq. 22 


becomes 


Alw x) = fff ape ee dv’. (23) 


The procedure to be followed in finding the radiation fields from a har- 
monically varying current distribution is then as follows. Given the current, 
determine Alt,r) from 23 by integrating over the source. Use A(t.r) in Eq 20 
to determine the magnetic field and finally the Maxwell Eq. 14 to obtain the 


electric field. 


Scalar Potential, 9(t) 

Although we already have sufficient information for the solution of any 
free space radiation problem, we will develop the relations for the scalar poten~ 
tial, $¢(t), in the interest of completeness and hopefully for a better overview 
of potential theory. We now seek a differential equation linking $(t) with 
the charge distribution, p. In statics this relation is Poisson's equation, so 
our result must reduce to Poisson's equation when time variation ceases. We 
start with the Maxwell equation from Gauss' law 

VeE = gfe (24) 
and sbustitute for E from Eq. 13 which gives 


SA (t) Fe) 
=V 2 eee = 
(? @ (t) ae : 
ox Z 
Os GORE Gee (25) 
at € 
Now using the Lorentz condition 18, Eq. 25 becomes 
924 (t) | 
2 . te 
Veglt) ~ ne a x (26) 


as the desired result. Again the propagating wave nature of ¢(t) is evident 
with the charge as the forcing function. We also note that for the static case 
Eq. 26 does indeed reduce to Poisson‘s equation. From our recent experience we 
expect the solution of Eq. 26 to be 
nee 4 
oft vos 2s av 
eit) = fff ——-— Pen (27) 


where 


Summary 


The complete equations of potential theory are summarized in Table 1. 
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Radiation from a Current Element 

Let us now apply the concept of the vector potential to determine the 
radiation fields of a current element. A current element is a current carrying 
conductor that is very short compared to a wavelength. One could imagine such 
an element to be, for example, a short circuit at the end of a balanced trans- 


mission line. This case is shown in Fig. 3 along with an appropriate coordinate 


system. From consideration of Fig. 2 we see that for this example r’ = G and 


. 


«\ 


en 


=e 
Ya 4 eae 


Fig. 3 


hence r - xr’ = x. We consider the driving transmission line to procuce har- 
monically varying currents in the element and hence for our example A(r).is 


Given by Eq. 23. For this case Eq. 23 beccmes 
a ~ipir! 

ai pic’) e ed bl 

3 ee 6 9 geen . 

8, if] 4m jx 


Integrating over the source current volume yields 
~ “ us € : 5 
( ) ey, ae 4nr br 


where I is the total current in amperes and lz | is simply designated as r.. 


The factor If is called the current moment. One should bear in mind that 29 
applies to the special case of uniform current and_& << d. fn addition Bee 
should note that for rectangular coordinates, A(t) haa the direction of 
The electromagnetic field created by the current-element”Can now be 
found by the procedure stated earlier. First we use Eq. 10 to find the mac- 


netic field, i.e., 


sr = 0 Fi : A. mar cos S418 v: iy By he sind 
and the expression for curi A in spherical coordinates is givens by 
uy Ug By =r i vai Bs 
ré siné x wing 3 t ae 
ie im a E) 3 
ay Ps ar 36 he , 
A 3 Ae | x Bink Ay Kans ee 


Substitution of 31 into 32 and the use of Eq. 30 yields 


“9 


Ur. Ug o | 
Sis eater 3 = pier ay aes ; 
r* sind Fr sing 4 | “ 
2 Re urs isi ie, > Bet | s 
4m | ax 39 ao F - a 
~38r 
cosé “2 J8e Rink C2a 


Carrying out the operations in 33, results in only one component for the mag- 


sean 
~*~ 


netic field which is 


= 48 uz sind e ~38r 1 +i 7 
oz ay bry 


Following the procedure outlined earlier, we find the electric field at ir 
the Maxwell equation . 4 
Vx H= jweE . | a hie? 

of 34 in 35 yields | 


n cosé rk eri AF 2 
3 1 
ig 2ur iB8r 
Fe 48 Nh Sane pqs Se jBr hy > } = i : 
7 Oi ate 4nr | j8e | B¢xt 
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hb 
Pops thong 34-38 simplify. cengidaruely ee large distances from ae 


ive., when fr >> 1. For this case the only surviving terms are 
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me nik sing ~jBr 
§ 38 4ur 4 


nti sin6 ~-j6r 
‘ ZAr . 


The terms given by 39 and 40 are the only significant fields when r is greater 


E 


. (49) 


than 10 wavelengths or so and are called the far zone fields or radiation fields. 


Wear Zone, Quasi Statics 
On the other hand when &r << 1, the equations reduce to 


cos . (43) 


One notes the absence of any phase delay in these equations, i.e., near to an 
antenna (8r<<l1) the fields are quasi-static. Eq. 41 may be recognized as the. 
field of a current element given by the Biot-Savart law for steady currents. 
Equations 42 and 43 can be rewritten in the form of the static electric ficlds 
of a charge dipole with the: substitution from the continuity equation 

I= jwO . 


Then 42 and 43 become 


2 cos 
2 pte Nicies (44) 
Sy * “Oter 4 
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& sind 1AeY 
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which along with 41 were developed in an elementary fields course. 


= 


Radiation Fields ies se 


We now return our consideration to the far zone 


— 
We may calculate the radiated power density by forming the Poynting vector 


A aac pe iy Sma ua usm (46) 


fhe power flow is in the a direction, radially away from the source. The 

fields are TEM to r and thus at large distances approximate a plane wave. In 
fact in limited regions at large r the fields approximate a uniform plane wave. 

The radiation pattern of the antennais a plot of the relative field inten- 


sity magnitude asa functionof 6 for fixedr. This plot, which is obtained from 
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Eq. 40, is sketched in Fig. 4. One notes the null fields at ¢ = 0, W aliong 
the axis of the current element and the radiation maxima at @ = "/2, 37/2 nor- 
mal to the radiater. The power radiation pattern is just a polar plot of Eq. 


46, i.e., for this case a plot of sin%6@ instead of sins. 


Fig. 4 


The total radiated pover is found by integrating Eq. 46 over the surface 


of a sphere enclosing the element. Thus ~ 
ie 2m IZ nage! n sin?@ 
ae ! J oe lah Ge ere | r2 sind d¢ 48 watts z {47} 


Note that this integration result is independent of r as would be expected from 


the conservation of energy. Carrying out the details of 47 results in 


i2 
ache [Tpaghl® 2an : (48) 
In free space where n = 377 Ag, Eq. 48 yields 
H ya pals | 
En csautals tase watts . . (49) 


From a circuits point of view we are delivering the average power of 
Eq, 48 to the terminals of the current element. Since the terminal rms cur- 
rent is I 3’ we could account for this power by an equivalent resistance at 


these terminals of 


R . = 789 (2)? 2 (50) 
rad yA ‘ 


This resistance is called the radiation resistance and is simply *h> rec! putt 
of the input impedance at the antenna terminals. The resistance given by 50 is 
an equivalent resistance which accounts for the radiated power and hence has 


nothing to de with dissipation in the conductor. 


&5 


Radiation resistance per se is hot & parameter to be considered in com- 
paring antennas for relative merit. It ie, however, most important as a system 
parameter since it is the load resistance that must be driven by the transmis- 
sion line feeding the antenna. Efficiency. on the other hand, is determined by 
the radiation resistance in comparison with the loss resistance. The loss re- 
sistance for the current element must usually be determined from the surf:-« 
¥esistance by the methods detailed earlier since skin effect will normally be 
a factor. This resistance will then be in series with the radiation resistance 


and the efficiency can he determined from 


2 
tas BSG 
id) setad oh ikis 38.4.) 
in rms ravi diss 
Road my 
Bono a (50} 
Read diss 


If Read is an order of magnitude greater than Raise’ further increase in k. 


will have no significant effect on the efficiency. 
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Half Wavelength Dipole 

The function of an antenna is to couple alectromaqnetic energy into Space. 
As such it serves as the coupling element between a bounded guiding system (alae 
transmission line) and unbounded space. From the driving line the antenna is 
viewed as a circuit element, i.e., a pair of terminals with an input impedance. 
From space it is viewed as an aperture, out of which or into which radiation 
passes. Both systems impose constraints on the design of the antenna. We have 
already seen that viewed from the driving system, radiation resistance is an - 
important concept. In fact, the terminals of the current glement present 4 
complex impedance to the drive line. This might be expected since it was de- 
monstrated that capacitive and inductive fields exist in the vicinity of the 
radiator. We have not calculated the input reactance but the student should be 
aware that it is a parameter ‘that must be deait with in designing a drive system. 
Viewing the antenna from space, the directional characteristics and field polar- 
ization are important parameters. The half wavelength dipole is a device that 
has useful directional characteristics and a real input impedance, and for these 
reasons it serves as a basic building block of many complicated antenna systems. 
Hence, we will analyze its behavior in some detail. 

igure 5 shows a center fed half wavelength dipole and the coordinate 


u 


system used for the analysis. 
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Since the structure is long with respect to a wavelength we expect a 
variation in the current along the antenna. Because the ends of the antenna 
can be viewed as open circuits terminating transmission lines, the antenna 


currents will be standing waves and for a half wavelength structure will ali 


be in phase. The amplitude. however, will vary from zero at the ends to maxi- 
mum at the center. This can be seen by considering the evolution ef the dipole 
from a transmission line. In Fig. 6 as the open circuited line is bent into a 
Gipole one sees the cosinusoidal standing wave develop. Since the model is 


“ Ei 


- 


E— Ay — 


Fig: 6 


over-simplified, the foregoing statements are not strictly true, but they are 
very nearly correct as is borne out by experimental measurement. Hence, for 
our analysis we will take the currents over the entire antenna to be in phase 
and vary cosinusoidally in amplitude about z = 0, 


= é a 2 4 
in ai eosBz2 u a/m - 51) 
c cmax B Zz / (Si 


We now consider the contribution to the vector potential at r of a cur- 


rent element of length dz at r’ = z’. For such an element Eq. 23 becomes 


% u A ahs fcosRhz 
SAte), =o typ 
wire cress 
section 
3 2 ) ao 
Te cosBz° e 


an [F-2" | Ma ae ts aH 


This differential contribution by an elemental length at z’ must now be summed 


over the entire length by integration to find the total effect at r. Tn order 

to accomplish this integration let us examine the term lr-z’| by consideration 

Gr Fag. \o- ae z ;, that is if we are in the far field, then << 
|r-z’| =r ~- z’ cosd . (53) 


Furthermore, inspection of Eq. 52 reveals that [r-z’| in the denominator is 
merely an amplitude factor and can be further approximated at large r by 


- al 
s - 
—_|r-z 1d gi ti (54) 


fe 


However, for the phase term in the numerator, the use of Eq. 53 yives 

8 |x-z’| = Br - Bz’ cos@ . | (55) 
We note that the second term on the right cannot be dropped in this case. because 
it contributes a significant amount of phase shift as z’ goes from -h/4 to A/4 
regardless of the value of r. Thus, at large r, a reasonable approximation of 


Eq. 52.26 
,) ~38r 21382" cos8 


alr) = — a, dz os (56) 


4nxr 
Now to find the net contribution of all of the differential elements in 


the half wavelength antenna we form 
I e re , 
Uo Snax “ Ce Be! j8z 
re UL, cosgkz @ 
~A fl 


The integral in 56 is a standard form (cf. Dwight, Tables of Integrals and Other 


# 
ECne yet 8 (87) 


Mathematical Data, p. 128, #577.2), and the result can be written as 


Vides ee cos (5 cos9) i 
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We now proceed as we did earlier in the current element case in finding 
the electromagnetic fields. Expressing AL in spherical coordinates by the use 


of Eq. 31 and then using Eq. 10 we find in the far field 


: ~j8r ® aoke) 
Lae a reos(5 coséj 
PO A cencsncton wo Sia pl nea i ee 3 (59) 
® a 2uY te sind 


One should note that retaining any terms other than far field terms, i.e., ifs 
dependence, would be invalid in the above since a far field approximation has 
already been used in obtaining Eq. 58. Now from Maxwell's equation (35) we op= 
~$ 8x 7 

; feos (> cose)} 
| Ae il comeneemennr-aemmmanenats : : {60} 
8 2ur U sind | 


Examination of Eqs. 59 and 60 indicates that E and H are in phase and that their 


ratio is n. Such would indeed be expected for these fields since they are es~ 
sentially plane waves (TEM) far from the source. The bracketed terms in 59 
and 60 are of course the radiation pattern factor for the half wave dipole, 
and this pattern is sketched in Fig. 7. 
A considerable simplification in the procedure for finding the far fieid 
terms exists. One recalls from Eq. 13 that 
E = -7 $(t) - ju Alt), (61) 


and by use of the Lorentz condition 18, Eq. 61 may be rewritten as 


May 


Fig. 7 


thus allowing & to be obtained directly from a knowledge of A(t). At first ap- 
pearance, Eq. 62 affords no simplification to the method already discussed. 
However, closer inspection of the first term reveals that it contributes nothing 
to the far field. ‘This can be seen by inspecting the spherical coordinate oper~ 
ations of gradient and divergence as given, for example, in the text, p. 447, 
Eqs. D-32 and 0-33. It is evident that for the transverse components (€,$) 
there will be only terms of higher order than l/r. Hence, we conclude that the 
second term in 62 is the only one of importance in the far field and, 

E = ~jw A : (63) 
Hence, since from 31 


A. = -A_ sin8 
g z 


we may obtain Eq. 60 directly from 58. The magnetic field is also obtained with 
ease, since it is always true for plane waves in the far field that 
= , 64) 
E,/H, nH | (64) 
We now proceed as before to determine the average power radiation from 


the Poynting theorem through) 


c L ¢ Re, no e S 55 
Pave = 7 Rep (Eoag*Heu,) + ds. (65) 


Integrating $5 over the surface ef a sphere of large radius using 59 and 60 
results in 


2 {66 
Pays wz 73 fos watts (66) 


for a half wave dipole immersed in free space. We conclude, of course, that 


the radiation resistance seen at the center feed points is 73%. 
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Radiation resistance is not entirely 2 characteristic of a particular 
antenna. While the type of amtenna places certain bounds on the radiation ze= 
sistence, the driving point plays a much greater role in determining its valve. 


For example, for the half wavelength dipole wea have seen that the current is 


given by 
X(z) » Ete cosBz 
we 1) oop coshz . | {67} 
{fhe term I. is preferred over I to indicate the maximum value of the 
leop max 


standing wave, thus avoiding confusion with the peak -instantaneous value.} Now 


if we drive the antenna at some point, z, other than the center but maintain 


the maximum value of current, Scop’ the same, then the same power will be ra~ 
diated. Thus | 
2 wir! 2 t 
RG Reade Rarive A haces Renter (ee 
Substituting from 67 
Renter 
> rs (69) 


Rarive sf cos-Bz 
where < is the driving point. One sees, for example, that the radiation regis- 
tance of a half wave dipole end fedyapproaches infinity. ~ In practice, resis~_ 
tances of the order of 1000 9 are obtained. 
The folded dipole shown in Fig. @ is a common element in TV antennas. 


Such an antenna is just two dipoles in parallel, and hence one would expect 


Fig. 8 
that for the same maximum current, Ts oop? the fields would be double. As a re 
wh 
sult the radiated power increases by a factor of four. Since the antenna is 


fed at a current locp 


a os 2 7 
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ee ‘ 
Br dipsie 
mw 4(73) = 292 2 . (71} 
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voila, the famous 300 2 TV antenna. It should not he implied that a folded 
dipole is 4 times more effective in radiating power; it just operates a higher 
impedance level than a dipole. Lts choice for TV is dictated by its wider 
bandwidth not by its radiation resistance. ; 

At this point it should be pointed out that the effective loss resistance 
seen at the driving point also depends on the choice of driving point. Por ex~ 
ample, for a dipole An 


Paissipation 


= L fr/¥ 32 
: I*(z) R. dz (72) 
Loss 


f% 
where Rac is skin effect dependent resistance parameter at the operating fre- 
quency. That is, for a wire antenna whose radius is large with respect to 6 


previous considerations yield 


R 
Ey oa 
Rac ic fm (73) 


where a is the wire radius and R. is the surface resistance. With I{z) given 


by 67 we find 


1 pA/® 22 3 sg 
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One sees that because of the current amplitude variation, the half wave antenna 


Cad 
a 


dissipates as mich power as a quarter wavelength wire with a uniform curren 
The dissipated power can be written in terms of the driving point cur~ 


rent for other than center drive by substituting from 67, 


1* 
drive-rms A/4 at 
Faiss ~  cos2 Bz é ee 


Note that the dissipation loss resistance seen at the driving point is 
VL | 
Re 2a 
ag a 

Raiss-drive  cos*bz : Siew 

Using 69 the radiated power for an arbitrary drive point is 
x2 

S G@rive-rns 

rad cos*8z center... (77) 
Thus the antenna efficiency 
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is independent of the drive point. For the half wave dipole one seen that n 


depends on the magnitude of RA/8ta relative to 73 Q. 
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Gain <a Se wer pemigige ec tecy a totic us 
An antenna is spoken of as having & gain because te an observer in the 
far field an antenna that is capable of concentrating power in his/her direc= — 
tion has exactly the same effect as increasing transmitter power to a rion- ¥ 
directional antenna. In the fundamental definition of antenna gain in fact, = 
the reference i8 taken as just such an isotropic radiator. For an isotropic 
er non~-directional antenna, the power density at some radius 3 in ‘the far field 
ig Pie : si . 4 
Fi aaikares, w/m fei | iG 
where Pan is the average driving point power in watts. For a directional an~ a 
tenna, the power density is given by a 
9 . <a 
e(6) = legl* | : | | | (79) 

Yj 
where Ey ig the rms value of electric field intensity in the far field. Hence 


the antenna gain is 


G{é) = 
Pp 
ise 
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Pin 
The maximum gain is the maximum directive gain or aay the directivity. 24 
is the value usually quoted in handbooks, etc., as “gain”. The meximum direc- z 
tive gain of a half wave dipole is obtained from 80 by use of 60 and.66 which 


gives 
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= 1.64. . | (8) 
The identical calculation carried out.for the current element using 40 and 49 — 
yields 
S aes 4,5 2 P é 
max 
element 
BY comparison of gain and directional characteristics as evidenced in 
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Figs. 4 and 7, one might ask, why build half hie rent diel antennas when the < 


i rent element behavior is so similar? This question is answered, of co ese, by 
ie h s 7 , 


viewing the ;antenna from the driving point. 
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and if any amount of power is te be radiated, the low radiation resistance maans 
high current and hence high loss. Thus the dipoles’ advantages become apparent. 
Even so, short antennas do find application especially at low frequencies where 

long lengths (or heights) are impractical. 

Certain loading techniques are used to cancel the reactive part of the 
driving point impedance of non-xesonant length antannas. From experience with 
transmission lines one should expect for a short antenna that the input resec~ 
tance would be capacitive. That is, it is an open circuited line iess than a 
quarter wavelength long. Hence a series inductance at the terminals of such 
value to series resonate with this capacitance will provide a real driving point 
impedance. Such loading coils, in fact need not be placed at the terminals but 
may be connected in series along the antenna at a point of lower current in or- 
der to reduce the coil losses. This is shown in Fig. 9 along with capacitive 


loading at the open end. Such loading also produces a real input impedance and 
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antennas so constructed are said to be top loaded or loaded with capacitive 


i 
reduces a to a small value, hence line L. gees a large C and transforms it 
1 


hats. For the center loaded case, £, < A/4 so Rs is large. The series Ly 


in a short distance into a resistance. (Consider the smith chart.) 

One notes that the dipole antenna requires a balanced drive. If coax 
(unbalanced) line is to be used then a “balun” transformer discussed at the 
beginning of the semester must be used to provide the balanced currents. It 


is evident that if coax is connected directiy to the dipole, radiating currents 


will appear on the sutside of the coax sheath as well as on the antenna itself. 
The driving point impedance and of course the directional characteristics will 


be greatly altered. 


Method of Images 

fo this point we have discussed only antennas imaersed in free space. 
Since most antennas must radiate in the presence of conducting obstacles (@.g.2 
the ground), let us see how this, at least in certain special cases, may be 
taken inte account. 

One will recall from electrostatics that image theory is based on the fact 
that conductors are equipotential surfaces and hence must have zero tangential 
E field. For the dynamic case we have similar conditions along with normal B 
equal to zero. A tangential He field will be terminated with a surface current. 
Imagine as shown in Fig. 10 a current element oriented parallel to a conducting 
' plane of infinite extent. Radiated power is now reflected by the plane so we 
certainly expect the radiation pattern given earlier in Fig. 4 to be no longer 
valid. How then can we find the fields for z > 0? The uniqueness theorem, which 
will not be proved here, states that the fields which satisfy the boundary con- 
ditions on the surface are the unique fields fer z > G. Thus if we can construct 
an equivalent source to satisfy the condition Bean = Q on the metal, then this 
source will give us the desired fields in the region z > 0. Figure 11 shows an 


equivalent problem without the conductor at zg = 0 but with an additional current 


io ae a ro wa rs Med 
Fig. i0 


element located at -z° which together with the original element produces fields 
which are entirely normal to the surface at z= 6. Thus we conclude that the 

fields in the region z > 0 must be exactly the same 8s those,in the example of 
Fig. 160. The second current element is called an image current and its fields 
im superposition with the fields of the original element are the Gesired fields 
in the region z > 0. The fields produced in the region z < 0 by the construct 
of Fig. 11 have no physical meaning and must be ignored. Note in Fig. 11 that 


as 2’ approaches zero the currents tend to cancel and radiation ceases. That 


~~ Da Y 
ea 


is, the current in Fiq. 10 becomes shorted by the conductor. Such 3 § jus 
cage for a low frequency horizontal antenns, too ciose to the ground. 


Figure 12 shows the case for an element orlented normal to the surface. 
Here, the image current ig in the same direction as the original. A current 
at an arbitrary angle may be considered as a combination of the currents and 


images of Piga. 11 and 12. 


Fig. 12 
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The image idea may be applied to current distributions as well. For «ex 
ample, imagine a half wave dipole which hag only normal E fields to the surface 


at 2= 0 as shown in Fig. 13a. From the image concepts just presente od, a 
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quarter wavelength antenna above a conducting plane (Pig. 3b) must produce 
At me ny 


actly the same fields in the region z > o as ‘the dipole. “such an ‘antenna 
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called a quarter wave monopole and is a very practical Shea a 


low frequencies where the effects of the ground must he contended wit Since 


a 
— — 


the terminal currents in Fig. 13 are the same, and the fields for z2> 0 are” 


the same but the monopole only radiates into half space, the radiation 
‘tance of the monopole must be one half of that of the dipole. 7 That is 
36 2 for the drive point shown. Note that the monopole is unbalanced and can 


be driven directly with coax. hake coe " sd 
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The reciprocity theorea will be developed with the aid of Pig. 14. We 
consider two source currents enclosed within a homogeneous volume, V, bounded 
by the mathematical surface, §. The fields BE", H* are produced by source cur- 
rent iv and the ©, rg Eields are produced by the current ‘ie Hence, we re~ 
late the fields to the sources through Maxwell's equations 


Y x H* = juekE” + Ma (83) 

Vx Bo = ~jouH® (84) 
and 

Vx H? = juek™ + T° (85) 


Vx" Sei. (96) 


We now manipulate these equations by pre-det-multiplying the first, 82, by ae 
_ and pre-dot-multiplying the last ,86, by H° with the result 


E>. y x H? = jucE’ - g2 + BP i (97) 

=a =b rt i ie 

Ho yx Be -jup* > BP. (88) 
By subtracting 88 from 87 and making use of the vector identity 


V° (AMB) =B*+VXA~AeUXB | (39) 
we can write 
V0 (HPxB?) @ jue” - Bo + jup® © +P - (90) 


Applying the above procedure to Eqs. 84 and 65 yields an equation similar to 


90, namely 

9+ (BARE) = ~juek® - #° - jus > WP - Be - TP (91) 
If now we add Eqs. 90 and 91 the final result of the Gad cakation is 

vs (xe EP) SEP. Te (92) 


If we again consider Fig. 14, the result of integrating Eq. 92 through=- 


out the volume is, after applying the divergence theorem to the left hand side, 
gi = ky << sn an aa oD aly 

. et ° QS x ee eee. P (93 
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Por a source free region in space which contains fields from two sources out~ 
side the volume, Eq. 93 predicts a special relationship on the boundary, 
$f. iH eset eet ae °dS=0 . , (94) 


Equation 94 is known as the Lorentz reciprecity theorem. 

For our present applications, Eq. 93 is a more useful form of the theorem. 
Consider the source currents im 93 and in Fig. 14 to he two antennas ‘located in a 
volumn in space. . Consider also that 
the boundary surface, S, is distant enough to be, at each point, in the far field 
of both antennas. Let us examine the left hand integral for this situation. In 
the far field of any z-directed antenna we know 


E/E, = 7 (95) 
hence, the integral becomes 
“bia ied Ee b EG 
oe eh om oo <~ a* a a” a - 
FP, (xB +E? XH) + as Ea, * — a, > Bot, © eee 
sabe 
m= (2828 eee x* gin® de d¢ 
=O (96) 
We thus conclude : s 


sft, Zz” . rb av = th 3 Ee i av. (97) 


This form of the reciprocity theorem is conde known as Rumsey’s reaction 


theorem. 


Suppose the two antennas above are half wave dipoles. The integrations 


of Eq. 97 are carried out with the aid of Fig. 15. Here an antenna is shown 


driven at the center with a current source. The volume,of the Eq. 97 integrals 


ig the antenna volume since i. is zero elsewhere. Because Pena is zero along 
the wire, these sehARRtS xreduce to 
vx? ya ra (98) 


where V" is the terminal voltage produced at antenna a by the fields of antenna 


b, and rt" is the total driving current of antenna, a. A similar interpretation 
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ho: ds for the) right hand side. Rearranging Eq. 96 as 
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; indicates the equality of transfer impedances. That is, the voltage at a due 

to b, ae divided by the current that produced it at b, , 3 ig a transfer 
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From the point of view of circuit theory our problem is a two pert, with 


antenna a source located at port 1 and antenna b source at port 2. Using ¢ir- 


ss suit notation Eq. 99 becomes 


“xe ah? V aN, vo, | | 
mee pte | (100) 
a ; ; aries ae > 
< : 
im , ‘The network assocaited with Eq. 100 is shown in Fig. 16. The describing equa- 


tions for this network are 


edt s ren, & 1,2), ™ Vay + Vio {i101} | 
V5 © 1,2, + 1,255 * Voy + Vag : ~ (102) 
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Fig. 16 | ; , } 
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te The voltage Via is the contribution to the total voltage v, of the source at 
= ' F f baa 


port i, tye while the voltage Vio ig the centribution of source i, at port a5 a 
We see from 101 and 102 that . 
, ; : : i ’ 7 

: a a = 3 2n2D9%X9 Vo = toy 9 ‘ and Voy Sa Ws ° (103) ¥ 
et. Using Eq. (100 in the above resuitg in the equality of transfer impedances 
q hei pn 2 a es ae hy _ ; _ (104) <i 
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As has been mentioned previously, circuit theory is just a specialization of 
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which antenna 1 is an antenna fox which the radiation pattern is known, for ex- 
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Fig. 17 


ample the half wave dipole. Antenna 2 is an isotropic antenna located in the 
far field. Le In experiment A we move antenna 2 on the 
gurface of a sphere of constant radius and measure the received voltage at an~ 
tenna 2 with switch 2 open and switch 1 closed. That is, we measure V,,, the 
voltege at 2 produced by the cunrent at 1, and measure it as a function of 6, 
then 

} V4, 68) ss KI 7(8) where (8) = transmitting pattern factor and (105) 
where K ig a constant. We now perform experiment B in which switch 1 is opened, 
switch 2 closed, and the voltage at antenna 1 is measured as antenna 2 is again 
moved about on the sphere surface at constant radius. That ig, we now measure 


V2 (8)e and from 100 
Vy. (8) s Py, 
oe I, T(o) ; . | {196) 
On sees from 106 that the @ dependence for receiving is identical with that 
for transmitting. . 

It is interesting to note that the theorex of reciprocity predicts that 
electric current impressed upon perfect electric conductors cannot radiate. In 
Fig. 18 source a is the current on a conducting wire while source b is a test 
current im space. Equation 97 reveals that 

on fffE > ia. | (107) 
The left hand side of 97 and hence 107 is zero because the boundary condition 
demands ey aie Me the field of source b, be zero at the conductor supporting 
current ng Now since i> definitely is not zero, we must conclude that E is 


zero and hence source a produces no fields! In view of this startling Fact, 
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is all of our previous work null and void? -=<-=- No, because the antenna cur~ 
rent never did radiate in the first place. The antenna is merely a reflector 

or scatterer of the radiant energy that we know from transmission line experi-~- 
ence exists only in the gap at the feed point. This energy flows from the feed 
point inte space and is directed inte preferred regions by the presence of the 
reflecting conductors whose effective area as seen by the waves is much greater 


than the geometrical area. 


Effective Area 

The theorem of reciprocity will now be used to determine the effective 
area of an antenna. We consider here the maximum effective area, that is the 
effective aperture seen by a wave arriving at the antenna along the maximum 
direction of the radiation pattern which for a half wave dipole is 9 = m/2. 
Referring to Pig. 1${a) we invoke, by reciprocity, the equivalence of transfer 
impedance between any two pairs of terminals. Suppose one pair of terminals, 
1, is at the drive point and the second set, 2, is taken across the element of 


length dz at =’. A voltage is induced along the antenna by the oncoming plane 
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Consider now the same antenna connected to a voltage source, Vie and operated — 
as a transmitting antenna, Pigs 19{b}). A standing wave of current appears on 


the antanna and is given by f cos8s. Now the transfer impedance can be ; 


loop 
written 
voltage at 1 
% 7) . 
12° current at 2 . a a 
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By virtue of the reciprocity theorem, the impedances of Eqs. 106 and 10s are 
equal and ‘ - a is 


? 46 
Ey T1400 cos8z dz 


> BC ve | 
Phe total short circuit current can now be found by integrating the aifterenti al 


contributions of Eq. 110 over the antenna length. Thus for Fig. 19(ay a 
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we use 112 and 113 in 111 to give 


Vo«& hic cosbz’ dz’. 
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por sex available fxom the antenna to that delivered by # che uniform plane wave. 


| Maximan power transfer is obtained from a half wave dipole when a load equal 


to the conjugate of the driving point impedance is driven. For this case the 
eee power is 
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ass. Zt is alao interesting to note that the antenna gain calculation of Eq. 
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reason for presenting the derivation of the simple free-space transmission 
formula is to make clear a few of the concepts and definitions in antenna theory. 
ALihough microwave horn antennas will be used as an illustration, the results oF 

-t ton will be quite general. 
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where Pes = power fed inte transmitting antenna at its input terminals 


= — 


Pp = power available at the output terminals of the receiving antenna 
Ap = effective area of receiving antenna 


A, = ekfective area of transmitting antenna 
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wg = distance between antenna apertures 
A = wavelength in free space 


Now if Py, is the total power radiated and if it were to be radiated equally 
dm all directions (isotropic radiator) then the power per unit area is 


= . 


ie «ty power flow/unit area 
Sad 
4nd* = area of sphere 


The directive power gain of an antenna is defined as 


c. « Agtual _nower ner unit area In a riven direction 
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Sometimes known as the “friis Transmission Formuia" 


See I.R.E., 34, 254-256, May 1946. 
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“Te now the transmitter (signal generator) is connected to the 
terminals ‘and the receiver is conmected to the transmitting antenna term 
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1) RES 
and P,, = total power transmitted by the original receiving antenna. 
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¥¢ is interesting to note that if the. pi of an antenna cat be measured by 

gome means then the effective area can be calculated. Thus 
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For example an isetropic or spherical radiator has a power gain of 1 and thus 
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Antennas in the RF Range 


... 10 kHz to 2000 MHz. A discussion of RF antennas used by all services. 


ost antennas in the RF range fall into one of 
following categories: 

A. Traveling wave 

B. Driven 

C. Vertical 

D. Leaky Waveguide 

E. Reflector 

An antenna, as a transducer, converts electro- 
magnetic energy into RF currents for receiving ap- 
plications or launches an electro-magnetic wave from 
an RF source(s). 

Though there is the appearance of five separate 
categories there is some degree of overlap just as 
there is overlap in the frequency domain and usage 
of all antennas. 

Vertical antennas, especially when combined in 
arrays are not really a distinct group. They fall into 
the traveling wave or driven antenna category. How- 


r.f. design 


ever, especially in the lower end of the RF spectrum 
(10 KHz-30 MHz), vertical antennas are widely used 
and are discussed as a Separate group. 

Leaky wave antennas, such: as the Directional 
Discontinuity Ring Radiator, or DDRR for short, though 
they launch and receive a vertically polarized wave 
and consequently could be grouped as “‘C’’, due to 
their unique construction are considered separately. 


Traveling Wave Antennas 


Type 1. This is a group of endfire antennas 
utilizing an array of parasitic elements or wave guiding 
structure with energy directed towards or from a 
primary driven element. The categories are: 

1. Yagi-Uda Parasitic Array 
2. Backfire 
3. Quad or closed loop array 
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4. Quagi (Quad-Yag)i) 
5. Helical 
6. Birdcage 

Once again not all categories are distinct. A back- 
fire antenna is a Yagi and reflector combination. 
However since modifications are required to the Yagi 
when combined with the reflective screen it is at 


best a hybrid and will be considered separately. 


(This is not meant to diminish the importance of 
it firing off the back and not the front end of the Yagi.) 

The same holds true for the Quagi. Though con- 
structed of “Yagi type’ elements and closed loops 
by virtue of its hybrid performance rates a separate 
category. 


1. Yagi-Uda Parasitic Array 


The Yagi-Uda antenna, invented in 1926, is a parasitic 
structure that supports a slow surface wave along 
its length. It consists of a number of directors and 
reflectors (the parasitic elements) that enhance radia- 
tion in one direction. 

The Yagi has been utilized by the military, com- 
mercial interest and experimenters alike. It is simple, 
rugged, can be made of all metal construction 
and consequently be DC grounded for lightning 
protection. 

The simplest Yagi consists of a driven element and 
either a director or reflector. On the other extreme is 
an 80 wavelength long, 26 dBd (dB with respect to 


a reference dipole) experimental Yagi.' One of the long- 


est boom Yagis in present use consists of 12 ele- 
ments and is 152 feet long.'° 

A typical 3 element Yagi is depicted below.’ 
(Figure 1) 


bee 0.24 fer 0.24 24 
/ / / 
/ / 


Figure 1. Typical 3 Element Yagi 


Its elements can be linear, X-shaped or in the form 
of inverted Vees, each with its own merits. 
a. Standard Design 

There are several ‘‘recipes’’ for standardized con- 
struction of 3 or more element Yagis. One such 
recipe suggests that a single reflector be placed 
between 0.2 and 0.25 wavelengths behind the driven 
element and each added director of 2.5 percent 
diminishing length and 0.2 wavelength separation in 
front of the driven element. 

The Hansen-Woodyard condition’ specifies that high 
gains are achievable as long as the difference in 
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phase between the surface wave and the free 
space wave at the end of the antenna be equal to 
180°. A general rule of thumb has always been ‘‘the 
longer it is the better it is (higher gain). 

Recently several references have developed non- 
standard techniques for optimizing gain for a given 
boom length Yagi. 

b. The Ascendency Curve Yagi* 

Represents a design by formula called the ascen- 
dency — descendency curve. It recognizes the inter- 
relationships between the high number directors (5 
and 6) and their effect in increasing the overall 
forward gain. Improvements of the order of 10 to 20 
percent are indicated by the careful adjustments 
of non-uniform director spacings. An example of an 
8 element, 13.1 dBd gain Yagi is given. For actual 
design information the reader is. referred to the 
Original source.’ (Figure 2). 


D6 = 6th Director 
DE = Driven Element 
R = Reflector 


=/ ff fff Att 


weaker aha. 14” pele atl eccey 
18 1/4” 14 7/8” 


rate 10 3/4” 


10 7/8” 


D6 = 6th Director DE = Driven Element R = Reflector 


Figure 2. 8 Element Ascendency Curve Yagi 


Note the ascending — descending spacings be- 
tween the higher number directors. This Yagi is 
dimensioned in inches for operation at 222.5 MHz. 
(Which set of element lengths to use depends upon 
design bandwidth requirements and are clearly de- 
lineated in the reference.) 

c. The Modulated Ladder Antenna 

The modulated ladder antenna is basically a multi- 
element Yagi with non-uniform or ‘“‘modulated”’ ele- 
ment lengths and spacings. The advantages indicated 
by this design are very high gain (26 dBd)' and 
minimum sidelobes over a substantial bandwidth. 
Properly designed modulated ladder arrays should 
exhibit an average beamwidth (H-plane beamwidth 
is larger, E-plane beamwidth is less) and gain as 
calculated from the formulas: 


Beamwidth = 55V/ @/A in degrees 
Gain = 10 log 1,9 (9£/A) in dB above isotropic 
f = array length (Same units as A) 

The concept relating higher achievable gains with 
non-uniform element lengths and spacings has been 
described in greater detail by David Cheng.*.* 

d. The Trigonal Reflector 

Most Yagi designs incorporate a single reflector. 

Experiments? utilizing plane reflecting surfaces, para- 
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bolas and corner reflectors were tried. The largest 
increase in gain (0.75 dB) occurred when a trigonal 
reflector was utilized as illustrated below in Figure 3. 


DE =0.500A 
R1= R2=0.455A 
R3 = 0.473A 


Figure 3. Yagi with Trigonal Reflector 


With well over 400 U.S. references to Yagi an- 
tenna development available since 1928° and several 
definitive projects, some involving 3 or more years 
of research,’ the Yagi antenna is probably one of the 
most interesting, useful and well studied antennas 
around. 


2. Backfire Antenna 


The Hansen-Woodyard condition, referred to pre- 
viously, stated that the maximum gain of a Yagi 
is proportional to its length provided that the sur- 
face and free space wave 180° phase relationship 
is maintained. A Backfire antenna is basically a 
Yagi pointing towards a large reflector. (Figure 4) 


LR = Large Reflector 
D = Director 

DE = Driven Element 
R = Reflector 


LR = Large Reflector 
D =Director 
DE = Driven Element 
R = Reflector 


Figure 4. The Backfire Antenna 


r.f. design 


It takes advantage of the H-W condition by for- 
cing the surface wave to traverse the physical 
length twice. This results in greater gain and fre- 
quency bandwidth than its equivalent length Yagi.’ 

Backfire antennas have been used at the high 
end of the RF range with gains in excess of 23 
dB, at UHF with gains of 10.5 to 14 dB’ and at 
VHF with gain improvements of 4.5 dB over the 
isolated Yagi.® 


3. Quad or Closed Loop Array 


The cubical quad, or quad for short, was de- 
veloped in 1942 by Clarence Moore.’ It is a parasitic 
traveling wave structure with loop elements approxi- 
mately one wavelength in circumference. It is similar 
to the Yagi in several respects yet its differences 
are more widely known. These are: 

a. Approximately 2 dB greater gain than the equivalent 
length Yagi. 

b. “Quieter operation” 
tion static 

c. Feedpoint impedance closer in value to standard 
transmission line characteristic impedances 

d. Lower mounting height for the same takeoff 
or elevation angle as that of a Yagi. 

e. Polarization can be changed by simply changing 
feedpoints. 

Handbook style design criteria for a 3 element 

quad follows from these basic formula: 
1) Circumference of driven element = 1005/fMHz feet 
2) Circumference of reflector element = 1030/fMHz feet 
3) Circumference of director element = 975/fMHz feet 
Interelement spacings of from 0.15 A to 0.20 A are 
typical. 

Power gain in dB above an isotropic of a closed 
loop is more a function of its perimeter and not 
shape. This has given use to loop designs with 
other than a diamond or rhombus configuration. 


— Less sensitive to precipita- 


® Circular Loops 


Research on large circular loop arrays'' have 
indicated that the loop perimeter (or enclosed area) 
and relative thickness of the conductors are gain 
determining factors. Antenna area and gain are re- 
lated as follows: 


G=4nA/A2 


where A (area) and i2 are entered with the same 
units of measure. 

Figure 5 illustrates current distribution in diamond, 
square and circular 1 wavelength circumference 
loops: 


@ Delta Loops 


Another popular form of loop array has a delta 
or triangular shaped element. It has the added ad- 
vantage, especially at the lower end of the HF 
spectrum, in that it only requires a single high 
support, per element. 

Delta loops exhibit substantially different take- 
Off angles when inverted versus non-inverted, fed 
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at a corner or side and elevated versus erected 
close to the ground or ground system.'? '? "‘ 


Current Maximum = CurrentMaximum Current Maximum 


Current 


Current 
Minimum” 


Minimum 


Current 
£ Minimum ? 


ie 


Feedpoint Feedpoint Feedpoint 


Figure 5. Closed Loop Current Distribution 


@® Bi-square Array 


As mentioned earlier conventional cubical quads 
have a 1 wavelength perimeter. A diamond-shaped 
quad would then have 4 sides each A/4 long. The 
Bi-square loop is similar in shape and radiation 
direction (broadside) to the quad with the added 
advantage of 3 dB more gain. This additional gain 
is achieved by making the sides 4/2 in length. The 
total perimeter of a Bi-square loop is 4 x A/2 or 
2 A. By adding a parasitic reflector or director 
gains over 9 dBd have been claimed.'® 


@ Alford Loop 


One means of increasing antenna efficiency is to 
increase its radiation resistance. The Alford loop is 
a large square loop, consisting of four dipole ra- 
diators for sides. The radiation resistance is much 
higher than that of an ordinary loop. A typical Alford 
loop'® is indicated in Figure 6. 


<—— Radiating Element 


Inductive 
Phasing 
Stub 


aN 
Adjustable 
Shorting 
Bar 


Terminals 


Figure 6. The Alford Loop 


4. Quagis 


The Quagi is a hybrid antenna that combines 
the best features of the cubical quad and the Yagi 
beam. Its directors are linear elements as in a Yagi 
while the driven and reflector are closed loops. 


ft. 
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The immediately apparent advantages are greater 
gain over an equivalent number of element Yagi 
and simpler and more repeatable construction tech- 
niques. (Figure 7) 

D4, D3, D2, D1 = Directors 
DE = Driven Element 
R = Reflector 


3 D2 D1 DE R 


Max 


LA 


D4, D3, D2, D1 = Directors 
DE = Driven Element 
R= Reflector 


Figure 7. A6 Element Quagi 


5. Helicals 


The front cover of this month’s issue depicts a 
right-hand circularly polarized helical antenna operat- 
ing at 468 MHz. Unlike dipole antennas where the 
electro-magnetic wave travels at the velocity of light 
the velocity of the wave along the axis of the helix 
is lower. It depends on the frequency, diameter 
and number of turns per unit length. 

Helical antennas are categorized by their shape 
(cylindrical, flat or conical) and their mode of opera- 
tion: normal or axial. 


@ Normal Mode 


Distinguishing characteristics of a normal mode 
helix are their small diameters and lengths with 
respect to wavelength. The radiated field is elliptically 
polarized. Circular polarization is obtained with a 
resonant helix at a0.9 height/diameter ratio."’ 


@ Axial Mode 


The axial mode helix is used as an end-fire 
circularly-polarized radiating beam. Gain is nearly 
constant over an octave. Both gain and beamwidth 
are a function of the number of turns — gain 
increases, the beamwidth decreases with increasing 
turns. 

Axial mode helices are used for communications 
between terrestrial stations and orbiting satellites. 
Figure 8 illustrates a helix and its dimensions utilized 
for just such an application — radio amateur com- 
munications with OSCAR 7.”° 

D = Diameter of Helix 

S = Spacing between turns 

a= Pitch angle = Arctan (S/nD) 
L = Length of 1 turn 

n= Number of turns 

A= Axial length = nS 
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D = Diameter of Helix 

S = Spacing between turns A= Axial length=nS 

a = Pitch angle=Arctan(S/nD) d= Diameter of conductor 

L = Length of 1 turn g = Separation between ground 
n = Number of turns G = Diameter of groundplane 


Figure 8. Helix and Dimensions 


d = Diameter of conductor 

g = separation between ground 
plane and first turn 

G = Diameter of ground plane 


6. Birdcage 


The birdcage is a unique 2 element parasitic 
array that borrows favorable characteristics from 
the cubical quad and Vee beams. Invented and 
patented by Dick Bird, a British radio amateur, 
in 1958,'* it closely resembles a bird cage. (Figure 9) 


= 


Max 
S 


ignal 


R 


|< 0.175,» | 


l 
: 


R =Reflector 
DE = Driven Element 


Figure 9. The G4ZU Birdcage Antenna 


Several attractive features of the Birdcage are: 
a. High gain — between 8.5 to 10 dBd. 
b. Extremely compact — very small turning radius 
even at the low end of the HF spectrum. 
c. Feedpoint impedance — 40 to 50 ohms, ideal 
for matching to standard coaxial transmission lines. 


Traveling Wave Antennas 


Type 2. This is a group of antennas using a 
wave guiding structure, primarily wire, that is long 


re design 


with respect to the operating wavelength. These 
antennas are additionally grouped by their height 
above ground. 


@ Elevated above ground (>1/8) 


1. Long wire antennas 
2. Vee antennas, Vee beams 
3. Rhombics 

Unlike the previous Type 1 (Traveling Wave An- 
tenna) Type 2 antennas evolve. That is long wires 
“1”? make up Vee antennas ‘‘2” and Vees combine to 
form Rhombics ‘‘3”’. 


1. Long-wire Antennas 


The old adage “the bigger the better’ applies 
to this type of antenna. A long wire antenna when 
fed at one end either directly (Fuchs antenna) or by 
means of a transmission line has a radiation pattern 
that directly relates to its length and height above 
ground. Radiation from end-fed long wire antennas 
is broadside when the overall length is 5/8 wave or less. 

As the length of the long wire increases above 
5/8 wave the radiation pattern forms into a cone 
coaxial and away from the feed point as illustrated 
below. (Figure 10) 


Figure 10. Long wire Antenna Pattern 


A table of the locus (angle) of first maxima of 
the cone of radiation versus long wire length is 
given below: (Table 1) 


Table 1 
a a 


> 


The advanages ot this type of antenna are its 
simplicity, high gain (for many wavelength long wires) 
and low cost to install and maintain. 


2. Vee Antennas or Vee Beams 


Vee antennas represent a natural progression 
from long wire antennas. They have the added ad- 
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vantages of greater gain, (3 dB versus same length 
long wires) sharper directivity and reduction of some 
sidelobes. Two long wires of specified length (A) can 
be combined at one point to form a Vee beam of 
related angle (2a). This is to say that length and apex 
angle are related in optimized gain Vees. 

Figure 11 illustrates spatial lobe combination and 


Lobes 1+ 2 Cancel 
Lobes 3+ 4 Cancel 


Resultant Pattern 


2 income Feedline 


Lobes 5+6 add 
Lobes 7 + 8 add 


Figure 11. Vee Beam Construction from 2 Long Wires 


cancellation in the long wire construction of a 
Vee beam. 

As illustrated a Vee beam, when properly con- 
structed is bidirectional with maximum radiation 
along the bisector. 

When resistively terminated at the ends the Vee 
Beam is unidirectional and radiates towards (and 
receives from) the left. 


3. Rhombics 
a. General 

A rhombic is a four-sided, diamond-shaped high 
gain wire antenna. It provides a high signal-to- 
noise ratio for reception and a relatively low take- 
off or elevation angle. It exhibits a nearly constant 
feedpoint impedance over a wide bandwidth when 
properly terminated at the far end. A terminated 
rhombic is illustrated below. (Figure 12) 

Maximum radiation is indicated along the bi- 
sector towards the left. Design terminology and 
Criteria are as follows: ° 


$= tilt angle 

A = vertical angle 

H = height above ground 
L=long side length 


Using readily available charts'® and assigning values 
to two out of four of the parameters the remain- 
ing two are calculated. 

Assume a 15° vertical angle is required. (Based 
on a specific propagation path and mode) and a 
maximum side length of 5A is all the existing prop- 
erty will allow. 

What tilt angle and height above ground does 
that calculate out to? 
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Feedline 


Side View 
R= 700-800 Ohms —— 
Termination 


Figure 12. Rhombic Antenna 


The referenced chart indicates that a tilt angle 
¢ of 71° and a height of 0.95A or 2.8, will suffice. 
The lower of the two (heights) for practical considera- 
tions is chosen. 

Terminations for rhombics are non-inductive re- 
sistors or in the case of very high power trans- 
mitters lossy balanced transmission line is utilized. 


b. Multistrand Rhombics 


Often for broadbanding purposes or for lowering 
the feedpoint impedance rhombics are multistranded. 
That is each leg consists of two or more con- 
ductors separated by several feet at the side poles 
and brought together at the forward and rear sup- 
ports. 


c. Nested Rhombics 

A nested rhombic configuration is a pair of 
staggered coplanar rhombics with a common feed- 
point. It exhibits substantial gain (27 dBd), broad- 
bandedness, low vertical angle and lower (sidelobes) 
than aconventional rhombic. 


Max 


SLMS tepliet= 
Signal 


i290 Rect 
L2= 50.67 Feet 
R =660 Ohms 


Figure 13. 144 MHz Nested Rhombic 
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ments courtesy of Mr. Russell B. Stoner, N.T.I.A., Boulder, Colo. 


Driven Antennas 


A driven antenna can be defined as an array of 
two or more elements, separated in phase (electrical 
and/or spatial), hard connected via conductor or 
transmission line(s) and combined so as to develop 
a specific azimuthal or elevation pattern. 

Driven antennas can be “loosely” subdivided into 
Broadside and Endfire categories. ‘‘Loosely” is meant 
to imply that some Broadside antennas when spatially 
rotated 90° become Endfire arrays and vice versa. 


@ Broadside 


A broadside configuration is characterized by 
radiation (or reception) perpendicular, or steerable 
from the normal or perpendicular to the plane of 
the antenna or array. Four distinct types of Broad- 
side arrays are considered though it must be 
reiterated that certain types of Endfire arrays can 
by spatial reorientation be considered Broadside. 


The four types are: 

1. Curtains 

2. Dipoles, Collinears 
3. Trombone T 

4. LazyH 


r.f. design 


Photo of log periodic stacked array used in Artificial Radio Aurora experi- 


Part Il 


Antennas 
In The RF 
Range 


...10 kHz to 2000 MHz. The 
discussion of RF antennas 
concludes with Driven, 
Vertical, Leaky-Wave and 
Reflector types considered. 


Curtains 


a. General 

A curtain consists of an array of identical radiat- 
ing elements configured in the vertical plane and 
in some cases backed by areflecting screen. 

Narrow beams and high broadside directivity gains 
are achieved by controlled amplitude and phasing 
techniques. Linear phase variations across the array 
enable the steering of transmitted or received 
wavefronts. 

A uniformly spaced, uniform amplitude array has 
the advantage of producing the narrowest azimuthal 
beamwidth. 

A uniformly spaced, tapered amplitude array 
such as a Binomial or Dolph-Tchebyschev distribu- 
tion is utilized to minimize sidelobe level — a very 
useful technique in reducing susceptibility of a 
receiving antenna to interference. 

b. Specific Designs 

Each of the curtains illustrated below have sub- 
stantial gain, various feedpoint locations and are 
inexpensive to build. 

(1.) Sterba Curtain (Figure 15) 

Probably the best known broadside array made up 
of a combination of parallel and collinear elements 
is the Sterba curtain. 
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Transposed 
Transmission 
Lines 


Feedpoint 
Figure 15. Sterba Curtain 


Feedpoint 


Figure 16. 5 Element Bruce Array 


(2.)5 Element Bruce Array (Figure 16) 

The Bruce Array is configured with alternating 
4 long vertical and horizontal elements. The radia- 
tion from the vertical sections are in phase and 
add while the radiation from the horizontal sections 
are out of phase and cancel. Typical gain of the 
5 element array is 4 dB above a single quarter- 
wave vertical element. 

(3.) The Chireix-Mesny Curtain 

The C-M curtain consists of 4/2 dipoles configured 
in the form of diamonds. It is a center fed array 
with a broadside vertically-polarized radiation pattern. 
(Figure 17) 


Feedpoint 


Figure 17. Chireix-Mesny Curtain 


(4.) Bobtail Curtain 

The Bobtail Curtain is a broadside array of three 
top current fed quarter wave verticals. Each vertical 
end section is separated from the middle section by 
180°. By virtue of only feeding the center vertical a 
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1:2:1 amplitude distribution occurs with its associated 
negligible sidelobe pattern. Theoretical gain is 4.9 dB 
over a single 4/4 vertical (Figure 18) 


Feedpoint 


Figure 18. Bobtail Curtain 


(5.) X-Array 
The capital X array as indicated in Figure 19 
has a power gain of 7 dBd. 


Figure 19. X-Array 


Dipoles and Collinears 


a. Unstubbed 

There are two distinct categories of unstubbed 
dipoles: center and off-center fed. 
(1.) Center-fed Dipoles 

Flat-tops and inverted-vees. Both configurations 
and important properties are tabulated below by 
length: 


Length Name Gain 
M2 half-wave 0 dBd* 
A double Zepp 1.8dBd 
1.28A extended double Zepp 3.0dBd 


“(This is the reference dipole) 


The extended double Zepp is the longest center- 
fed dipole with a radiation pattern remaining at 
right angles to the line of the antenna. (Max. energy). 
(2.) Off-center Fed 

Antennas and their characteristics are tabulated 
below: 


Characteristics 

Voltage fed with balanced 
transmission line 
Resonates on even order 
harmonics 

Long wire brought directly 
to transmitter 


Antenna 
Zepp 


Fuchs 20-C 


Figure 
20-A 
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Transmission 
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Trans— 
mitter 


Figure 20. Off-Center Fed Antennas 


b. Stubbed 

Stubbed “dipoles” are in-phase radiating elements 
arranged in a single line or collinear. The stub 
between elements insures that each successive 
element is fed at the same phase relationship. 

A three element horizontal collinear is illustrated in 
Figure 21. 


DR ee eor oo 
— Aly AL | $ 


Figure 21. 3 Element Horizontal Collinear 


It is a simple antenna and can be fed at almost 
any point. Additional gain is achieved simply by 
adding another stub and half-wave element. 

The vertical counterpart of this collinear is called 
a Marconi-Franklin array. (Figure 22) 


_ Figure 22. 3 Element Marconi-Franklin Collinear 


In both antennas current direction is indicated 
by the arrows. 


3. Trombone T 


The Trombone-T is a simple 4 dBd gain broad- 
side antenna of-low-cost. It is illustrated in Figure 
23. 


r.f. design 


Transposed 
Feedline 


<— 


te Feedpoint 


Figure 23. Trombone T 


4. Lazy H 


The Lazy-H is a twice as large version of the 
Trombone T. Gain is approximately 6 dBd (5.8 dBd) 
and it is voltage instead of current fed. See Figure 
24. 


< Transposed 
Feedline 


A Feedpoint 


Figure 24. Lazy H 


@® Endfire 

An endfire configuration is characterized by radia- 
tion in the same plane formed by the antenna or 
array. It can be further subdivided into the broad 
categories of Frequency Dependent or Frequency 
Independent. 


@ Frequency Dependent 


Antennas that operate over a narrow band i.e. 
maintain directional patterns and feedpoint impedance 
response appropriate for its intended use are con- 
sidered in the classification — Frequency Dependent. 
They are: 

1. BJK 

2. Double Triplex Beam 

3. ZL Special 

4. Cardioid Beam Antenna 


1. 8JK 


The 8JK was. named after its inventor John 
D. Kraus W8JK (Radio amateur call sign). It is an 
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endfire array with approximately 4.3 dBd bidirec- 
tional gain. It is a simple antenna to construct 
with reliable performance. It is illustrated in Figure 25. 


|~«—_—____—— N2—_—_____—__> 


Feedline 


Figure 25. 8JK Antenna 


2. Double Triplex Beam 


The Double Triplex Beam is basically an 8JK 
with the single linear conductors replaced by triple 
leads. It has the added advantages over the single 
8 JK of: 

— Broadband frequency response 

— High radiating efficiency (300 ohm feedpoint 
impedance) 

— Good wet weather performance. (See Figure 26.) 


ee ee 


Feedline 


XK triple 
Conductor 


Figure 26. Double Triplex Beam 


3. ZL Special 


The ZL Special is a two element driven end- 
fire array. The elements are electrically driven 135° 
out of phase and are spatially phase separated by 
an additional 45°. It is unidirectional, has a 20 dB 
front to back ratio and is lightweight and easy to con- 
struct. (Figure 27) 


i 


U8 


Pe ep eee 


Twinlead 


Feedline 


Figure 27. ZL Special 


4. Cardioid Beam Antenna 


A unidirectional endfire pattern is generated if 
the total-phase separation (electrical & spatial) be- 
tween elements is 180°. (i.e. the respectively gen- 
erated wavefronts must combine in 1 direction 
(0, 360°) and cancel in the opposite direction (180°). 
The Cardioid Beam Antenna develops this 180° 
phase separation with a 90° electrical and 90° 
spatial phase condition. The resulting pattern is of 
a broad-nosed cardioid response. (Figure 28) 


Ja 


<—Feedline 


Feedline 


Figure 28. Cardioid Beam Antenna 


@ Frequency Independent 


Conversely, antennas that maintain a relatively 
constant terminal (feedpoint) impedance and vertical 
angle (elevation angle) or display other frequency 
invariant directional properties, over several octaves, 
are classified as frequency independent. The log- 
arithmically periodic array or log periodic for short 
is a prime example of an RF range frequency 
independent antenna. 


Log Periodic Arrays*® 


A Log Periodic array is a multi-element end-fire 
driven antenna in which adjacent elements length 
and spacing are equal to aconstant ratio t. 

A second parameter o is related to the ratio of 
the separation between adjacent elements and 4 
times the length of the shorter element. An illustra- 
tion and set of formulas will help clarify. See 
Figure 29. (On page 15). 

The gain of a Log Periodic is a function of 
tand o. Other design criteria are: 

2h, = 0.47 May 
2h ni SiO Amin 
Ry -Rmin 2 0.50 Amax 

With these criteria and the required high and low 
frequencies 3 nomographs are used to complete the 
design. 


Verticals 


The simplest of vertical antennas is sometimes 
represented as the evolution of an open-ended 
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Figure 29. Log Periodic 


coaxial transmission line. The outer conductor is 
folded back exposing the inner conductor and the 
combination of inner and outer conductors form a 
complete radiating system or antenna with specific 
feedpoint impedance and directional pattern. 

The vertical antenna is probably the most widely 
recognized radiator by the public due to its prolific 
utilization by commercial AM broadcast stations, 
naval whips and hobbyists in the form of amateur 
and CB car and roof-mounted ground planes. 

Discounting re-oriented horizontal antennas and 
special categories such as the stubbed collinear 
or Franklin array, discussed earlier, verticals can be 
Classified as follows: 

1. Single driven conductor, length < 5/8A 
2. Single driven conductor, length > 5/8 A 
3. Broadbanded verticals 

4. Special application verticals 


1. Single Driven Conductor, Length < 5/8, 


Vertical antennas are commonly utilized at the 
following heights: 1/4 A, 1/2 A and 5/8 A. All three 
heights lay down a maximum signal strength (the- 
oretically) at the horizon or zero elevation angle. 
This requires that the ground mounted vertical work 
against an infinite extent, infinite conductivity ground 
system. 

The field strength, under these conditions, along 
the horizontal as a function of antenna height for 
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a vertical grounded radiator with one kilowatt radiated 
power is tabulated below: 


Antenna Height Field Strength 


A/4 196 mv/meter 
M2 236 mv/meter 
5/8 A 276 mv/meter 


Such is rarely the case. Usually, in commercial 
service, (AM broadcast) 120 radials are laid out 
every 3 degrees. This does help stabilize the im- 
pedance of the vertical system though in itself 
does not lower the maximum radiation angle to the 
horizon. 

Simple techniques are however available for es- 
tablishing an extremely low (as low as 0°) eleva- 
tion or takeoff angle. Mounting a vertical above 
ground with a radial or counterpoise system droop- 
ing downward at about 45° helps to significantly 
lower the elevation angle (of maximum radiation). 
One precaution worthwhile mentioning is that the 
counterpoise should be at least a A/4 above ground. 

Numerous studies have developed working re- 
lationships between vertical antenna efficiency, 
length and number of radials. ?°:?7: 782° 


2. Single Driven Conductor, Length >5/8A 


Verticals greater than 5/8A in continuous length 
are difficult to construct for the lower frequencies 
and as a result of vertical angle lobe splitting and 
its concomitant high angle radiation are not as 
widely utilized as the previous category. 


3. Broadbanded Verticals 


There are several vertical antennas that operate 
over large bandwidths with VSWRs not exceeding 
2.0:1. Two of them, the Discone and the Conical 
Monopole are discussed. 

a. Discone 

The discone is a wideband vertical radiator that 

can be directly matched to a 50 ohm system. The 


amin = coax 
outer diameter 

6=0.3amin 

D=0.7 amax 


Figure 30. Discone 


basic configuration of a Discone is indicated in 
Figure 30. 

The VSWR frequency variation at the low end of 
the band is determined by L and @. An optimized 
discone with @ = 60° and a&/L = 1/22 has a VSWR 
of less than 1.5:1 over a 7 to 1 frequency range 
and a VSWR of less than 2.0:1 over a 9 to 1 fre- 
quency range.°*° 
b. Conical Monopole 

The conical monopole is short vertical radiator 
ressembling two terminated cones placed base to 
base. It operates over a 4:1 bandwidth, and has 
high radiation efficiency. The configuration with 
dimensioning is indicated below.*' (See Figure 31) 


a2? —— 0.023idia 


—<—0'0 1.4. dial —— 


iS 0.006A 


Figure 31. Conical Monopole 


Coax // 


4. Special Application Verticals 


LF and VLF applications are probably the hardest 
areas to accommodate in terms of antenna design 
due to several conflicting constraints. Foremost is 
the operating wavelength — in a word — long. 
Reasonable feedpoint impedances, bandwidth and 


Figure 32. UG Antenna 
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vefficlentiba must be maintained. Two, out of many 
j contigurations, that are in themselves tradeoffs, are 
discussed. 
a. Type UG 

The type UG antenna has the shape of a capital 
IT as illustrated below with dimensioning given 
| for 2 MHz operation. Capacitor C is varied until 
a favorable feedpoint impedance is developed.*? 
j (Figure 32) 
j°: NORD 

The NORD is a short vertical antenna, used at 
LF and MF. It has a sufficiently high bandwidth 
and radiation efficiency for its intended use. It 
lis basically three over-coupled tuned circuits. A 
| center tower is used as a common element. See 
j Figure 33. 


Feed 


Heavy j C Cy, Co, C3 
Ground DR T 2 are variable 


Buss capacitors 


Figure 33. Nord Antenna 
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| Leaky Wave Antennas 


Leaky wave antennas can be identified by their 
low silhouette (close to ground) or controllable 
| aperture distribution i.e. beamwidth and sidelobe 
| level. Several types identified here are: 
| 1. DORR 
| 2. Fast Wave 

3. Slow Wave 
| ; 


| 
14. DDRR 


a. V4 DDRR 
The Directional Discontinuity Ring Radiator de- 
| veloped by J.M. Boyer is an omni-directional low 
| profile vertical polarization radiator. It is a single 
circular open-ended element mounted horizontally 
a short distance above a ground plane. See Figure 34. 
| According to theory the DDRR antenna ring forms 
a transmission line with its ground plane. The slot, 
I between the ring and ground plane being a dis- 
continuity, radiates continuously in a_ direction 
I transverse to the ring axis. 
|. The advantages of this antenna include small 
j horizontal dimensions, extremely low height and 
simple construction. Since it is DC grounded in- 
j duced charge static is not a problem as it is with 
a monopole. 
lb. W2 DDRR 
A larger version of the original DDRR is available. 
| Primary advantage is an increase in gain. It is as 
| depicted in Figure 35. 


I r.f. design 


D=0.078A (28°) 
h=0.007A (2.5°) 
ITI Za) 

(Tap distanceisa 
function of coax 
impedance) 


Figure 34. 44 DDRR 


= (748) 

= 0.158, (56°) 
= 0.007A (2.5°) 
= f(Z2) 


Zo 
Figure 35. 72 DDRR 


2. Fast Wave 


Another class of leaky wave antenna is the Fast 
Wave Structure. Similar to the DDRR it is a low 
silhouette structure. It is cut along its length to 
permit the radiation of energy**. The angle of radia- 
tion is closely related to the phase velocity of the 
guiding structure before the cut is made. The gaps 
must be smaller than W3 of the highest frequency 
of operation. : 
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3. Slow Wave 


An additional category of leaky wave antennais a 
slow-wave structure. It is periodically-loaded (series 
Capacitors or shunt inductors) long wire antenna. 
The radiation angle is determined by the phase 
velocity of the slow wave and the periodicity of the 
loading. The spacing between successive loadings 
must be approximately a half-wavelengh or greater, 
for with closer spacings no radiation occurs. 


Reflector Antennas 


Beam formation in this type of antenna relies on 
the shape of the reflecting surface to focus energy 
from a line or point at the feed position into a 
narrow parallel wavefront beam. The converse also 
holds i.e. intercepted parallel wavefronts are focused 
into a common line or point location. Two types 
considered are: 


1. Corner Reflector 


A corner reflector is a half-wave radiator with a 
reflector consisting of two plane metal surfaces 
meeting at an angle immediately behind the radiator. 

The radiation is the sum of direct radiation from 
the dipole and reflections from the planes. Con- 
sequently the pattern depends on the distance from 
the dipole to the corner. 

At VHF the corner reflector is often solid (metal). 
At lower frequencies screen wire or metal rod con- 
structed reflectors are used. The maximum gap be- 
tween the wires or rods should not exceed 0.06A. 

Power gains of at least 10 dB to as much as 14 
dB are achievable using a corner reflector. A dia- 
gram with design information is shown in Figure 36. 


N2+A 


zi 


A 


Figure 36. Corner Reflector 


Principal advantages of the corner reflector are its 
simple construction and the low side and back 
lobes of the directivity pattern. 
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2. Parabolic Reflectors 


Parabolic reflectors are widely used in UHF 
and microwave radar and point-to-point communi- 
cations systems to achieve antenna gains in excess 
of 20 dB. 

Recently the CATV industry has been success- 
fully utilizing a Half-bolic to receive very weak over 
the horizon VHF signals.*® (A Half-bolic, as its 
name implies is physically half a parabolic reflec- 
tor. When combined with its ground image its per- 
formance is similar to a parabolic reflector.) 

In the low frequency application an offset feed 
is employed to reduce undesired interaction between 
reflector and feed and to minimize aperture block- 
ing. 

A suitable feed might consist of a log periodic 
array in which the longest element forms the dipole 
feed of a corner reflector. The phase center of the 
corner reflector would be located at the focus of 
the parabola. Using this technique the maximum 
possible gain and narrowest possible beamwidth 
are achieved at the lowest operating frequency. 

Though 5 types of antennas with 51 different 
configurations were discussed this is not to imply 
that these are, or were the only antennas ever 
designed. This is a broad sample of most common 
antenna configurations utilized by all services — 
commercial, government and hobbyist. Modifications 
such as shortening, employing active elements and 
material experimentation affects the properties and 
probably the classifications of the antennas already 
discussed. 

Future articles will delve into specialized antenna 
configurations utilizing some of the above-mentioned 
techniques, and others not yet considered. 
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development, deployment and measurement. 2°: 2': 22. 
23,24 They are well worth reading about. 
Part 2 in the series continues with “Driven Antennas.” 


This nested rhombic is fed by 300 ohm balanced 
line, is mounted 12.29 feet above ground and has a 
vertical and horizontal beamwidth of 5.5° and 8.5°, 
respectively. 


@ Close to the Ground (< 1/8) 
@ Beverages 


A Beverage antenna is a horizontal longwire 
antenna utilized especially for reception of low- 
frequency vertical polarized waves. It normally con- 
sists of a single wire several wavelengths long 
erected close to the ground, or even on the ground, 
and terminated at the far end in its characteristic 
impedance. 

An outstanding merit of this antenna is its ability 
to “pull signals out of the noise’. The low end of 
the HF spectrum is typically atmosphere noise 
limited as opposed to thermal noise limiting in the 
higher RF ranges. Most HF antennas previously 
described present large signal and noise voltages at 
receiver terminals. The Beverage, on the other hand, 
generates a lower signal voltage while at the same 
time a considerably lower noise voltage. The overall 
effect is to produce a better or higher signal-to- 
noise ratio which is really the name of the game 
in communications intelligibility. 


@ Parallel Wire Beverage Antenna 


An interesting and very useful feature related to 
the operation of a Beverage is the ability to reject 
signals not only off the back but off the sides — 
selectively. By tuning the complex termination 
impedance depth and direction of rejection can be 
adjusted. 

A twin or parallel wire Beverage places the ter- 
mination network close to the receiver (and opera- 
tor). (Figure 14) 


Parallel Wire Beverage Antenna 


Ty, T2= Transformers 
N = Network 
(Variable 
Impedance) 
R= Receiver 


Figure 14. Parallel Wire Beverage Antenna 


T,, T2= Transformers 
N = Network (Variable Impedance) 
R = Receiver 
Several comprehensive research efforts have ex- 
plored many aspects of Beverage antenna design, 


r.f. design 


EE eee 
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Only afew years ago many people 
thought that HF communications 
was in a decline. The proliferation of 
communication satellites and the 
greatly increased number of circuits 
made available by submarine cables 
suggested that HF radio would be 
quickly abandoned. Today, however, 
HF still holds a strong position and 
manufacturers throughout the world 
are turning their expertise to im- 
proving HF performance at all points 
of the link. 

There are several reasons for this 
return to popularity. For developing 
countries, HF is a quick and cheap 
way into international communica- 
tions. The ground wave propagation 
of HF also makes it effective in tac- 
tical use, and there is a growing real- 
ization of the important role which 


HF can play in broadcasting. The 


overriding fact is that the demand for 
communications is growing more 
rapidly than any of the more recent 
techniques can satisfy; while that 
situation remains, HF will continue 
to flourish. 

Despite this popularity, HF is not 
without its problems. At the receiv- 
ing end, one of the problems is noise. 
With VHF and UHF noise is gen- 
erated by the electronic equipment 
in thesystem, but with HF the noise 
comes in through the antenna from 
thunderstorms, galactic -disturban- 
ces, and other external sources. 
Increasing the antenna gain does 
not provide a solution, because this 
only increases noise as well. What is 
needed is discrimination against the 
noise. 


A typical array of active loop antennas. 
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(iS) TECHNICAL NOTE 


/ 


Discrimination can be achieved if, 
instead of having an antenna which 
looks at all angles, one has an an- 
tenna which looks only at the point 
from which the signal is emanating. 
In this way, reception of the major- 
ity of the noise can be eliminated. 
Directivity is, therefore, the signifi- 
cant factor, not signal amplitude. 
The real need for successful HF re- 
ception is a highly directive an- 
tenna. 

The rhombic antenna is effective 
for long-distance HF point-to-point 
communications, but while it has 
very good directivity, it usually pro- 


‘ duces more signal than the receiver 


needs and often more than it can 
cope with. It is also a fairly complex 
structure which calls for time-con- 
suming fabrication and assembly 
on site. The result is a large, per- 
manent installation covering a good 
deal of ground. 

None of these drawbacks applies 
to the active loop antenna, which, 
during the past few years, has been 
employed to a growing extent in a 
variety of HF receiving installations. 
Most people think of loops as being 
bi-directional, giving a figure-of- 
eight radiation pattern. However, 
bearing in mind that directivity is 
the important thing, it has been 
possible to design a loop antenna 
which is uni-directional. 

The directivity of a single loop is 
not very high, so the user is going to 
have to work hard to gain much 
advantage over a simple wire an- 
tenna. But when the loops are built 
into arrays, directivity is enhanced 
and the signal-to-noise ratio is in- 
creased. The arrays can be steered 
by switching, so it becomes possible 
to manipulate the directivity. 
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A typical, practical realization of 
the active loop antenna takes the 
form of a 92 cm-diameter broad loop 
of flat aluminium alloy encased in 
glass fibre, mounted on a pole 
(Figure 1). This structure weighs 
only 19kg, andthe centre of the loop 
is typically only 1.5 m above the 
ground. A transistorized amplifier 
is mounted in a recess at the bottom 
of the loop, and in operation the 
antenna follows the classical con- 
cept of the directional coupler. The 
loop is joined at the top by a resistor 
of exactly the right value, which 
allows the current due to a field tra- 
velling in one direction to add 
together, and the current due to a 
field travelling in the other direction 
to cancel out, so giving directivity. 

Each loop is vertically polarized, 
with a frequency range of 2- 30MHz, 
directivity of 3 dB, and front-to-back 
ratio of 12 dB. The amplifier has 
been designed to have noise and 
intermodulation performance which 
will permit it to operate over the 
entire HF band under low signal 
level conditions. 


The active loop antenna can be 
used singly, but the real benefits are 
gained when the loops are placed in 
arrays. As few as four loops can 
make an effective array, although 
much better performance is achieved 
if an array of eight loops is deployed. 
With eight or more loops, the variety 
of arrays which can be constructed 
is very wide. 


End-fire and broadside arrays are 
both possible. With the end-fire array, 
asingle azimuth directional beam is 
provided with low sidelobe levels 
and a high back-to-front ratio main- 
tained over a wide frequency band. 
Correct spacing of the loops optim- 
izes the performance of the array for 
the required frequency bank. Choice 
of beam elevation angle is possible, 
from very low angles for long-dis- 
tance circuits, to near vertical inci- 
dence for short circuits. This eleva- 
tion angle may be fixed or can be 
adjusted by switching. 


Broadside arrays are character- 
ized by a beam which is wide in the 
elevation plane and narrow in the 
azimuth plane. The vertical radia- 
tion pattern is not dependent on the 
number of elements, and its beam- 
width changes little with frequency. 
The horizontal radiation pattern, on 
the other hand, varies widely with 
frequency, the beamwidth being in- 
versely proportional to frequency. 
Suitable array design allows the 
beam maximum to be slewed up to 
45° from the normal. A single slewed 
beam, switched slew angles, or a 
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number of simultaneous outputs to 
different receivers can all be catered 
for in the design. 

Installations can be designed to 
combine the properties of both end- 
fire and broadside arrays by arrang- 
ing the elements in two dimensions, 
ranks, and files. 

High directivity is not, of course, 
what the communications engineer 
is always looking for. He or she 
might want to scan a wide area and 


' then concentrate on one direction. 


This requirement can be met by 
arranging the active loop antennas 
in a circular array, with each loop 
firing radially outwards. The con- 
nections are commutated round the 
ring, so that the beam may be 
switched progressively in bearing. 
As an alternative; multiple beam 
arrays can be designed to give the 
facility of uni-directional beams 
operating simultaneously in any 
chosen direction. 

Yet another example of the versa- 
tility of active loop antennas is the 
log periodic array, in which the loops 
are positioned with a spacing that 
varies in accordance with a geomet- 
ric progression. In this case, the 
array combines the advantages of 
small size and ease of installation 
offered by wide-band active anten- 
nas with those of log periodic tech- 
nology - high directivity and beam- 
width which is constant with fre 
quency. 

Even greater directivity can be 
achieved by arranging two log rows 
of loops in a V-shaped array. The 
antenna designer need not stop there, 
for additional log rows of elements 
can be arranged in a rosette pattern 
to make a succession of V forma- 
tions around a central point, so that 
all bearings are covered. 

Quite apart from its good perfor- 
mance characteristics and versatil- 
ity, the active loop antenna offers a 
number of practical advantages. The 
amount of space taken by an instal- 
lation can be small; itis possible, for 
example, to place an array of four 
loops on the roof of a building. The 
low profile of the loops makes them 
acceptable environmentally, and as 
each element can be handled easily, 
the installation of an array is much 
easier than with a traditional an- 
tenna structure. 

A simple installation on a roof or 
in a field can be completed in an 
afternoon by a few unskilled per- 
sonnel, and even the largest and 
most complex arrays involve none 
of the terrors of traditional wire 
antenna rigging. 

Normally the’pole of the loop an- 
tenna is set into a concrete block, but 


the relatively small size and low 
weight of the loops means that they 
readily lend themselves to tempor- 
ary installations, and various alter- 
native mountings can be supplied 
for this purpose. Any flexible 50 
ohm coaxial feeder may be used to 
connect each loop in an array to the 
combining network. For military use, 
a transportable version of the loop 
antenna is available which folds 
like a deck chair and can be deployed 
in a matter of seconds. 

The savings in “real estate” offered 
by the active loop antenna are not 
limited to single arrays. As mutual 
coupling between loopsis very small, 
it is possible to interleave arrays on 
the same site. For example, a site 
measuring only 50 by 40 m could be 
occupied by five arrays, receiving 
signals from different bearings and 
operating at different frequencies. 
This would be extremely difficult to 
achieve by conventional means, but 
severe crowding presents few diffi- 
culties with active loops. Not only 
can the antennas be placed very 
closely together, multiple beam 
methods can also be used to reduce 
the number of arrays needed. 

Maintenance is also simple. No 
climbing is necessary, as the ampli- 
fiers are mounted only about one 
metre above the ground. The per- 
formance of each amplifier can be 
monitored, and there is normally a 
high degree of redundancy in an 
array, so that even if one amplifier 
fails, the array remains operational. 
Practical experience now confirms 
that the low profile of loop arrays 
makes them virtually impervious to 
lightning strikes, allowing them to 
continue in operation when neigh- 
bouring rhombics have suffered sub- 
stantial damage. 

For the future, there can be no 
question that HF communications 
will continue to be widely used, and 
even grow in popularity. The active 
loop antenna can answer most prob- 
lems of reception and its advantages 
of performance, versatility, limited 
site requirements, and simplicity 
should ensure that it is used to an 
increasing extent in HF receiving 
systems. 

Military users can clearly benefit, 
and the portability and ease of in- 
stallation of the active loop also 
make it ideal for emergencies, such 
as natural disasters, or other occa- 
sions when communications are 
needed urgently. But the range of 
applications is very wide, and all 
those requiring high-grade HF re 
ceiving systems are likely to look on 
the active loop antenna with more 
and more favor. @ 
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The concepts of wave transmission can be more readily grasped 
if the approach is based upon an understanding of the fundamental 
circuit elements: inductors and capacitors 


Harald T. Friis Rumson, N.J. 


Electromagnetic wave propagation is a simple and 
beautiful phenomenon, but its rigorous mathematical 
derivation from Maxwell’s equations is formidable. 
This article makes many of the concepts visible and 
plausible using only mathematics available to coilege 
freshmen and taught today in most high schools. 
Those who are familiar with the subject will appreciate 
the simple and direct way in which Dr. Friis’ trans- 
mission formula is derived. This derivation is new and 
is published here for the first time. 

—David DeWitt, Editor 


Transmission lines guide telephone signals, and 
also power, from one place to another, Although such 
guidance does not exist for radio signals, it is illustrative 
to use the transmission of waves between two parallel 
conductors as an introduction to radio. 

A transmission line has a capacitance C and an in- 
ductance L, per unit length, and in order to derive the 
transmission-line equaiions we must know the funda- 
mental properties of the important circuit elements: 
inductors and capacitors. 


Inductors 


Figure 1 shows a long coil of wire with direct current 
i, The resistance of the wire is assumed to be negligible. 
By means of a magnetic needle indicator it has been 
found that the magnetic field A inside the coil is constant. 
Physicists also found for a closed path around currents 
that the sum of the magnetic fields along the path 
multiplied by the path lengths is equal to the total 
current through the area enclosed by the path. Path 
ABCDA in Fig. 1 shows such a path. The magnetic 
field is zero along this path except along 4D, and the 
total current through the area of the pathis i x n. Thus, 


Hi = in 


Editor’s note: Last month an autobiographical memoir by Dr. 
Friis, Secenty-Fice Years in an Exciting World, was published by 
San Francisco Press, 555 Howard St., San Francisco, Calif.; it 
also contains “The Wisdom of Harald T. Friis,” based on a 
famous speech (annotated by John R. Pierce) in which the author 
distills a lifetime’s hard-won research experience. 
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FIGURE 1, Long coil of wire with direct-current flow. 


FIGURE 2. Long coil with ac applied voltage. 


n(turns) 


Generator 


or, by definition, 
in 
H = 73 amperes per meter 


In Fig. 2 an ac voltage v = V» cos 2zft is applied to 
the coil; fis the frequency in hertz and ¢ is the time in 
seconds. (See Fig. 3 for variation of v vs. 2nft.) Faraday 
found that the voltage induced in one turn by 7 is pro- 
portional to the area s of the turn and the rate of change 
of i or H. Hence, 


(one turn) = ws — = pees 
Pee f ied 


at 


where the proportionality factor » is the permeability of 


the medium inside the coil (for air, w = 4% X 107 
H/m). The voltages in the separate turns are aiding. 
Therefore, the voltage induced across the coil is 


SS 
i { |i (amperes) 
£ (meters) 
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n? di di 
s—— = L — volts 1 
rare l at dt (1) 
L = us(n?/D is called the inductance of the coil and is 
measured in henrys. 
For v = Vo cos 2zft, Eq. (1) may be solved by integra- 
tion to obtain 


 Boadass 
= 2aft 2 
afl sin 2xft amperes (2) 


~. 


The values of i and v are plotted versus 27z/ft in Fig. 3. 


Capacitors 

Figure 4 shows the plates of a capacitor. Electrostatic 
experiments showed that the ratio of total charge q 
on each plate to the voltage v between the plates is 
constant: 


= constant = C (3) 


o 1S 


C is proportional to the ratio of the area s (square 


FIGURE 3. Voltage (v) and current (i) vs. enft for inductive 
circuit of Fig. 2. 


d (meters) —q +q 


Area s (Square meters) 
FIGURE 4. Basic capacitor configuration. 


FIGURE 5. Capacitor with ac applied voltage. 


FIGURE 6. Voltage (v) and current (i) vs. 27ft for capacitive 
circuit of Fig. 5. 


Vy 27tC 


2.57 


meters) and spacing d (meters) of the plates: 
C =e ~ farads (3a) 


where e, the proportionality factor, is the dielectric 
constant of the medium between the plates. For free 
space e« = (1/367)10-® F/m. 

In Fig. 5 a voltage v = Vo cos 2zft is applied to the 
plates. The current i, called the displacement current, is 
equal to the rate of change of g. Equation (3) gives 


ty _ ote 


it ef = —27fCVo sin 2zxft (4) 


The values of iand v are plotted versus 27/t in Fig. 6. 


Transmission lines 

Figure 7(A) shows a generator that feeds a long, loss- 
free uniform line with an inductance of LZ henries and 
capacitance of C farads per meter and Fig. 7(B) shows 
the equivalent lumped-circuit line. 

The current i, through inductor L dx decreases the 
voltage from AB to CD. Equation (1) gives 


dv, = —Ldx diz 
dt 
or (5) 
| doz _ _, dis 
ax dt 


Differentiating with respect to ¢ gives 
de Ws 
dx dt dt? 


(Sa) 


The displacement current through capacitor C dx 
decreases the current from A to C. Equation (4) gives 


di, = —Cdx dds 
dt 
or (6) 
diz _ _ 0 Ws 
ax at 


Differentiating with respect to x gives 
2 
— = —C — (6a) 


Substituting the value for d?v,/dx dt given by Eq. (Sa) 
gives 
27 25 

edhe 3 LC ariz (7) 

dx? dt? 
Similarly, we obtain 

2 
a0; eG d"0z (8) 
dx? dt? 


Mathematicians can solve for i, and v, in Eqs. (7) and 
(8) and get, as one correct solution, 


Ip sin (2nft — 2xfx»/LC) (9) 
Vo sin (Qzft — 2xfxWLC) (10) 


We can verify that these solutions are correct by dif- 
ferentiating i, in Eq. (9) twice with respect to x and twice 
with respect to ¢: 


l| 


iz 


vz 
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a = —Iy cos (2nft — 2nfx/LC) X 20fV LC 
x 
and 
= —Ipsin (2nft — 2nfxVLC) X (2nfV LC)? (11) 
x 
Also, 
di, —— 
SE = Incos (2nft — Qnfx/LC) X Ixft 
and 
@i, ; ngs 
i = —Iy sin (27ft — 2nfxV/LC) ~ C77? G2) 
Equations (11) and (12) give 
ai ai 
a Nes a 13 
dx? dt? hee 


Equations (7) and (13) are identical. Therefore, Eq. 
(9) gives a correct solution of (7) and, similarly, (10) gives 
a correct solution of (8). 

We substitute from Eqs. (9) and (10) in (5): 


—2af-V LCV) cos (22ft — 2afxWLC) 
= —Lih2rf cos (2nft — 2nfxV LC) 
That is, 


V ICV = Ll 


je 
or Vs = taal 
0 0 


From Eqs. (9) and (10), 


a = tafe 
C 


or the impedance of the line is 
(13a) 


Values of v,, as given by Eq. (10), versus x are plotted 
in Fig. 8 fort = 0,¢ = 1/4f,t = 1/2f,.... 

Note that the first voltage maximum moves with time 
from A to B to Cto Dto Eto F with a speed 


1 1 1 
c= — = /-— = —— m/s 
wel y VLC / 
or the input generator causes a traveling wave on the 
line. 
The separation between voltage maximums is called 
the wavelength X: 


1 c 
A = —=—= = - meters 
PV ECAR, 
Equation (10) shows that the difference in phase @ 
of the voltage at distance x and distance x + dis 


@ = Anflx + DVLC — 2nfxVLC 


= 2nfdWLC = Ir < (14) 


Figure 9 shows a uniform strip transmission line in 
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which the edge effect is neglected. The transmission-line 
theory gave line impedance z = V/ L/C ohms. 

In this line the inductance L per meter is the inductance 
of a single-turn coil with area s = 14 and length / = a. 
Equation (1) gives 


Tamiahi 
a 


Similarly, Eq. (3a) gives 


Cc 


I! 
nm 


The speed of propagation c is given by 


In free space, 


1 
ee AO 
ot Se 


p= 47 X 107 and 


soc = 3 X 108 m/s, which is the speed of light and also 
the propagation speed for transmission lines constructed 


i i+ di 


x 
> 
: A 
Generator v = Vy cos 2rft B - 
' 


pees 


FIGURE 7. A—Long uniform transmission line. 
Equivalent lumped-circuit line. 


7 
I! 


oo 
i 


or 
iH 
Nlw len -|- 


Distance X 
FIGURE 8. Line voltage vx vs. distarice x along the line. 


FIGURE 9. Uniform strip transmission line with traveling wave. 
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with negligible amounts of insulation and magnetic 
material. 
The line impedance z is given by 


z=—,/- = 1200 4 
aNe a 
For h = a = 1 and neglecting edge effects, we get 
Schelkunoff’s formuia for the impedance of free space: 


Zfree space — 1207 ohms 


A sheet with 1207 ohms between two opposite edges 
of a square of the sheet is called a resistance sheet with 
1207 ohms per square. It matches waves in free space 
and, if inserted between the ends of the line, makes a good 
termination; that is, it causes no reflected waves for the 
traveling wave on the line when / < X. (A conducting 
sheet \/4 behind the resistance sheet is required when A is 
larger.) 

The voltage across the line is AE volts. As shown 
in Fig. 9, E is the maximum value of the electric field in 
the space between the strips. It is measured in volts per 
meter. The power absorbed by a circuit of impedance Z 
with an input voltage E is 4 E?/Z. The impedance of this 
transmission line is Z = 120zh/a. The power fiéw in the 


line is, therefore, 


; Ys(hE)? _ 35 E* 


Zz 1207 


ha watts 


The power flow per unit area or the power intensity in 
the wave between the strip is then 


wavefronts 


FIGURE 10. Strip line expanded. 


FIGURE 11. Strip line feeding a paraboloid. 


Strip line FER 


Paraboloid Radio wavefront 


'h E* 
1207 


watts (same for radio waves) (14a) 


Note that all the power flows in the air between the 
strip conductors. This is true for all transmission lines. 
The conductors act only as guides for the waves. 

Figure 9 also shows the magnetic field vector H. Its 
magnitude is found by choosing a path ABCDA and 
adding the field times path length as explained in the 
first section on inductors. The current through the areas 
of this path is i and the field is zero except along path 
AD. Hence, e 


Equation (13a) gives 


ee Ena ba 

L/C 120rh/a 120% 
Therefore, Hine oee _£ 
a 1207 


Figure 9 shows the power intensity vector P, also called 
the Poynting vector, from (14a), 


Y, E? 
P= = Y%EH watts per square meter 
1207 


Recapitulating what happens in the idealized line 
illustrated in Fig. 9, it has been shown (1) that the 
available power from the generator has been changed toa 
plane electromagnetic wave that moves with the speed of 
light toward the termination of the line, (2) that the power 
flow intensity is constant over the cross section of the 
wave and equal to 4%.EH watt where E is the electric 
field and H the magnetic field of the wave, and (3) that 
the impedance of the line is 120zh/a ohms and the free- 
space medium between the strips is 1207 ohms. 

The strip-line dimensions of width @ and separation 
h may be increased gradually as shown in Fig. 10. The 
traveling wave will continue through this expanded 
section and produce a large radiating wavefront at the 
opening ABCD. We have now a radio transmitting 
antenna (Schelkunoff’s paddle antenna). Alternatively, 
the strip line may feed a paraboloid, as shown in Fig. 11. 
We have, in other words, illustrated the passing of 
guided waves to radio waves; we shall next discuss 
some important properties of radio antennas and racio 
transmission. 

Effective area of an antenna. The effective area Aers 
of an antenna is defined as shown in Fig. 12, for the case 
of receiving, as the available power Pz from the antenna 


FIGURE 12. The effective area of an antenna. 
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divided by the power density Pp of the incoming wave: 


Pr 
Aut 
ff P 


D 

If the illumination of the antenna when used for 
transmitting is uniform (that is, if the electromagnetic 
field is constant and in phase over the plane of the 
aperture and zero outside), the effective area is by re- 
ciprocity equal to the geometrical area of the aperture. 

Examples: The effective area of the paddle antenna 
shown in Fig. 10 is approximately equal to the opening 
area ABCD and the effective area of the paraboloid 
antenna shown in Fig. 11 is about two thirds of the 
opening area of the paraboloid. The effective area of a 
small loss-free dipole, which will be calculated later, is 
(A/2) X (A/4). As usual, all linear dimensions are in 
meters. 

Propagation loss between two antennas im free space. 
That light propagates as a wave was suggested some 
300 years ago by Huygens, and resulted im Huygens’ 
principle: “Every part of a wavefront can be regarded 
as a source of disturbance that emits a spherical wave- 
let.”” Fresnel made his great contribution some 150 years 
later by realizing that the relative phase ¢@ between two 
wavelets can be calculated from their path difference d 
and wavelength X [compare with Eq. {14)]: 

d 
; @ = 27 x 

Figure 13 shows how Fresnel graphically found the 
field due to the wavelets in a plane wave at a distant point. 
Figure 13(B), a side view of the wave, indicates the wave- 
lets on the wavefront that radiate spherically toward the 
distant point P. Figure 13(A) shows how the wavefront 
is divided into equal-area rings 1, 2, 3, ---. The Huygens 
sources in each ring have the same distance to point P 
and are therefore in phase at P. Each of the rings has the 
same area or the same number of wavelets and therefore 
produces the same fields Ei, E>, Es, -++ at P when the 
angle ¢ is small. 

Figure 13(C) shows how two parallel fields 


-E, = Ecos (2xft — ¢,) 
and 
E, = Ecos (2xft — ¢2) 


can be added graphically by plotting OA = E first 


and then AB = E so that the angle between AB and the. 


direction of OA is ¢: — g;. The sum of E, and E, 
is then OB. That this is correct can be shown as follows: 


E, + E, = Ecos (2nft — ¢:) + Ecos (2xft — ¢») 
Efcos (2xft — ¢;) + cos (2xft — ¢2)] 


The formula for the addition of two cosine functions 
gives 


E, + E, = 2E cos (ex ee a) cos moe 
or the amplitude of E; + Eis 


2E cos ae 


and this is the length of OB in Fig. 13(C). 
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The fields at point P from the wavelets can now be 
added graphically, as shown in Fig. 13(D). Starting at 
point O, the field £, is plotted first with arbitrary length 
and direction and it is followed by E, so that £, and Ey 
form an angle 


ad —d 


Ad = 2n 


where d; is the distance from the sources in ring 2 and d 
the distance from the sources in the center element 1. 
The fields E;, Ey, +++ are plotted by continuing in the 
same manner. The small phase angles A¢ are alike when 
angle ¢ is small and the ends of the fields therefore follow 
a circle. This circle turns into a spiral when angle ¢ 
increases and finally gives the original field E of the wave 
when the rings expand to infinity. 

The phase of the field from the ring with radius r 
with respect to field EF, from the field from the center 
element is 


2r(d’' — d) - ar 
r Ad 
Fresnel could have found the field EF, = EF, + E ah 


E; +- Ey + E; due to all the rings with radii less than r. 
Figure 13(D) shows that it is 


= 


wr? 
E, = E¢ = E — volts 
Y Ad 


FIGURE 13. Propagation of light waves. A—Front view of 
wave. B—Side view of wave. C—Addition of two fields. 
D—Addition of wavelet fields. 
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or 
is Ay) 
E * dd 
y This important formula will now be used to find the 


ratio of the power received by a light absorber with 


* Since E, (which is the graphical sum of A, Ex, E3, Es, and Es) 
approaches 5& for very small values of ¢, £1: must be propor- 
tional to 1/X; hence the field of a Huygens source is proportional 
to 1/A, another very useful conclusion. 


i | 
— 
2r SS 
— 
is 
Light transmitter Light receiver 


(area Az, field E) (area Ap, field E,) 


FIGURE 14. Propagation of light between a light trans- 
mitter and a light receiver. 
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> FIGURE 15. Relation between the gain and the effective 
area of an antenna. 


FIGURE 16. Gain of a small dipole. 
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area A, and the power transmitted by a light transmitter 
with area Ap = zwr?. Figure 14 shows the light circuit. 
The received and transmitted power flows per unit area 
are proportional to the square of the light voltages. 


Hence, 
at yh @) Ar _ a) hin (15) 
Pr E} Ap Ad] Apr 2d? 

Since light waves and radio waves obey the same 
laws, Ary and Ag may be considered to be the effective 
areas of radio transmitting and receiving antennas; 
this formula is identical to my transmission formula for a 
radio circuit! and it is interesting that it could have been 
derived long before Maxwell published his theory of 
electromagnetic waves in 1864 and Hertz discovered 
radio waves in 1888. Also, the formula applies to acoustic 
waves. Hence, there should be a derivation independent 
of electromagnetic theory. 

Relation between the gain and effective area of an 
antenna. Figure 15 shows a hypothetical isotropic antenna 
that radiates a uniform field in all directions. The power 
flow at distance d is equal to the transmitted power Pr 
divided by 47d?, the area of a surrounding sphere, and 
the received power is 


1 
Pp = Pp X — X Az watts 
. A 4rd? ‘ 
Replacing the isotropic antenna with a transmitting 
antenna of area Ay and using Eq. (15), we have, for the 
received power, 


pp ArAR 
P,! = Pr Pht watts 


The gain g of the new transmitting antenna, defined as 
Pp'/P pr, is 

g=4n = (16) 
and this important formula applies to receiving antennas 
as well. 

The gain of a small dipole. A wire carrying an alter- 
nating current radiates power. Hertz showed this experi- 
mentally years ago and later work showed that the 
radiation field in a direction is proportional to the pro- 
jected length of the wire in that direction. Figure 16 shows 
the radiation patterns of a current element or small dipole 
(cross section of two circles with radii £/2) and an iso- 


FIGURE 17. Effective area and radiation resistance of a 
small dipole. 
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Dipole transmitting antenna E” 
(current | uniform) 

FIGURE 18. The distant field E from a small dipole with 
uniform current !. 


Receiving antenna 
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tropic antenna (cross section of a circle with radius E). 
Eis the field at a large distance R. The broken-line circle 
with radius R is the cross section of a sphere. The surface 
of the sphere is divided into circular rings with area 27R 
sin 6 X Rd@. The power flow through the ring due to the 
dipole is 


_ ¥%(E sin 6)? 
1207 
ey 

1207 


AP sipoie x 27R sin 0 X R dé 


X 27rR? sin? 6 dd 


The power radiated by the dipole is then 


YE? ce ‘ Y, 2 4 
Parise = - 27 R? 39d) = 27R? X - 
dipol 120% T. ek {i sin 1207 T. 3 


The power radiated by the isotropic antenna is 


The gain of the dipole is then 


g Piso 
hyp aes 
Pay 


= 1,5 (17) 


Effective area of a small dipole (Fig. 17). Equations 
(16) and (17) give 
2 


: 4a 4 An 2 4 


Note that this area is independent of the dipole length A 
(which is always small compared with the wavelength). 
Radiation resistance of a small dipole. A small dipole 
with alternating current radiates power and, therefore, 
it has a resistance called the radiation resistance. 
The power received by the dipole shown in Fig. 17 is 


_ EB _ YE 
1207 1207 


2 

Pai di x 1.5 X — watts (19) 
an 

The dipole is equivalent to a generator with resistance 


R,, and induced voltages E X h; the available power is 


1 2 
rai = (Eh) watts (20) 
Equations (19) and (20) give 
h 2 
Ri. = 807? (;) ohms (21) 


Note that the radiation resistance is small when h/) is 
small, and this makes it difficult to construct an efficient 
matching circuit to an output line. 

The distant field from a small dipole with uniform 
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current. For the circuit shown in Fig. 18, Eq. (15) gives 


Aad 
Pp = Pr —~* watts (22) 
We also have 
Y, EF? 
Pp, = A tt 
R 1207 R Watts (23) 


and, since J is maximum value of the alternating current, 
Pr, = ¥%R,I’ watts (24) 
Equations (18) and (21)-(24) give 


E = 607 is I volts per eneter 
dX 


Summary : 

Assuming unobstructed free-space transmission and 
using for the most part only mathematics taught in 
many high schools, it has been possible to derive the 
fundamental properties of radio antennas and radio 
transmission. 


Dr. J. R. Pierce got me started on this article in the fall of 1969 
by encouraging his co-workers to find a simple derivation of my 
old transmission formula. One of these co-workers, C; L. Ruthroff, 
mentioned the old work on light waves by Huygens and Fresnel 
and this set me off in the right direction. Dr. S. A. Schelkunoff 
suggested that I simplify the discussion by deleting the complex 
algebra in the original version. Lou Mitchel, physics teacher at 
Rumson High School, read the paper with one of his students and 
recommended its publication. 
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Developments in broadband antennas 


A survey is presented for the purpose of providing the nonspecialist 
with a basic understanding of the remarkable advances that have taken place 
over the past decade in the field of broadband antennas 


) eG woraan, GA. Deschanips, J.D. Dyson, 
R. E. Mayes university of Illinois 


Balanced to 
F unbalanced 
Resistance transformer 
termination 
4 4 Coaxial 
i j line 
P ja ares taal eee 


Fig. 1. Rhombic antenna. Although 
this early broadband antenna has a 
radiation pattern that varies with fre- 


4 quency, it is usable over a frequency 
TTT) /; range of approximately four to one. 
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Fig. 2. The fishbone (A) and comb (B) antennas, which have a pattern and 
impedance that are relatively constant over a two-to-one frequency band. 


B 


Coaxial feed 


Until a few years ago the ultimate limiting factor on the 
bandwidth of any communication system using radiated- 
wave propagation was most frequently the antenna. 
Since the antenna performs the dual functions of an 
impedance-matching device and a directional radiator, 
the characteristics of major importance are its impedance 
and its directional properties. Depending upon the 
application, one or the other (or both) of these charac- 
teristics may limit the useful. bandwidth. The required or 
desired bandwidth also varies markedly with application; 
for example, the required bandwidth may vary from a 
few cycles per second for a single-channel VLF system 
up to about 6 Mc/s for a single television channel. For 
multichannel operation, the radio broadcast band covers 
a three-to-one bandwidth, the VHF television band 
covers a four-to-one bandwidth, and the high-frequency 
communication band covers a ten-to-one bandwidth, 
from 3 to 30 Mc/s. Finally, for countermeasures work 
it is.usual to state that the desired frequency range 
extends from “‘dc to light.” 

Because of the wide variety of operational require- 
ments that exist, there is no unique definition of antenna 
bandwidth. For our purposes, a broadband antenna 
will be considered to be one which retains certain desired 
or specified radiation pattern, polarization, or impedance 
characteristics over more than an octave (that is, a two- 
to-one frequency range). 


Ean) broadband antennas 

Some of the earliest broadband antennas were long- 
wire types designed to operate in the high-frequency 
. (short-wave) band or in the low-frequency band. For 
the most part, they were broadband only in the sense that 
impedance remained relatively constant over the useful 
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Termination 


range; in general, no attempt was made to achieve a 
constant pattern. Among these antennas the well-known 
rhombic antenna has held a dominant place since the 
early days of radio. This antenna (Fig. 1) is essentially 
a resistance-terminated transmission line that has been 
opened out to form the four sides of a rhombus. Because 
of the traveling-wave current distribution along the ter- 
minated line, the main beam is in the forward direction 
(toward the termination) at an elevation angle that 
depends, in a complicated fashion, on the included angle 
of the rhombus and the lengths of the sides in wave- 
lengths. Fortunately the beam is quite broad in the 
vertical plane and the angle above ground of the max- 
imum increases as the frequency decreases. This change 
of angle with frequency is in the correct direction for 
transmission or reception of ionospherically reflected 
waves, so a rhombic antenna of fixed dimensions is 
usable over a wide frequency range (of the order of 
four to one) in the short-wave band. 

The wave antenna, consisting of a long, elevated wire 
parallel to the ground and _ resistance-terminated at 
both ends, is another traveling-wave-type antenna. In 
contrast with most antennas, which operate best over a 
highly conducting ground, the wave antenna depends 
for its operation upon the finite conductivity of the earth 
beneath it. An incident radio wave traveling along 
the surface of a finitely conducting earth has a forward 
tilt and a horizontal component of electric field intensity. 
It is this horizontal component of electric field, produced 
by the finite earth conductivity, that induces a traveling 
wave of voltage in the horizontal wire and the resulting 
antenna action. Because the antenna has an impedance 
that is nearly independent of frequency, it is known as 
an aperiodic antenna. However, the radiation pattern 
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does vary with the length of the wire in wavelengths, 
and hence with frequency. Wave antennas are used for 
long-wave or low-frequency reception. 

The fishbone receiving antenna consists of a long 
resistance-terminated transmission line loosely coupled 
by capacitors to an array of closely spaced (Jess than 
\/4), untuned, horizontal dipoles; see Fig. 2(A). For 
vertically polarized signals, one half of a fishbone antenna 
is erected vertically and fed against ground to form a 
comb antenna; see Fig. 2(B). Tapering the coupling 
capacitors to larger values towards the termination 
egualizes the antenna currents and reduces resonance 
effects. Because the capacitive coupling of the elements 
to the transmission line is tighter at the higher frequencies, 
fewer of the elements are strongly excited. Hence, the 
effective length of the array varies inversely with frequency 
in such a manner as to maintain a fairly constant pattern, 
gain, and impedance, over the useful bandwidth of more 
than two to one. The fishbone and comb antennas have 
been described chiefly for comparison with the log-periodic 
dipole and log-periodic monopole types to be described 
later. 

In contrast to the terminated wire and loaded trans- 
mission line types just described, there is a class of antennas 
that owes its broadband properties to broad, specially 
shaped surfaces, It was recognized quite early that a 
fat dipole had a much lower antiresonant (full-wave- 
length) impedance than a thin one, and that in general, 
fat antennas had smaller impedance variations than 
thin ones. The importance of broad surfaces was em- 
phasized by Schelkunoff in the treatment of the biconical 
antenna, and many broad-surfaced specially shaped 
antennas found early application in television transmit- 
ting antennas and countermeasures antennas. A very 
successful broadband antenna was the discone! (a cone 
fed against a disk), which maintained good impedance 
and pattern characteristics over a four-to-one band- 
width (Fig. 3). For countermeasures work many an- 
tennas having surfaces of various shapes were developed,” 
some of which had remarkably wide impedance band- 
widths and usable pattern bandwidths of the order of 
five to one. It must be admitted, however, that most of 
these early designs were arrived at by an intuitive or cut- 
and-try approach. 

Another group of antennas, some of which display 
fairly wide bandwidths, consists of various helical and 
spiral shapes. When the circumference of a helical 
antenna is of the order of a free-space wavelength, the 
antenna radiates in the axial mode—that is, with the 
maximum radiation along the axis of the helix. In this 
mode, the helical antenna has desirable impedance, 
pattern, and circular polarization properties over nearly 
an octave.* By expanding the diameter of the helix along 
its length to form a conical monofilar helix fed from the 
base end, Springer’ showed that the bandwidth could be 
increased. His observation that.there appeared to be an 
effective aperture that moved toward the smaller end of 
the cone as the operating wavelength decreased was 
perhaps the first indication of things to come. Later, 
Chatterjee®® also considered monofilar helical antennas 
formed on a conical surface and fed against a ground 
plane. He demonstrated that they could be excited from 
either end, and obtained usable bandwidths of approx- 
imately four to one. At about the same time, Turner’ 
proposed a balanced antenna constructed in the form 


of an Archimedes spiral. This planar antenna, con- 
structed with narrow constant-width arms and radiating 
a broad lobe on each side of the structure, gave promise 
of being usable over the then remarkable bandwidths 
of between seven and eight to one. 


Frequency-independent antennas 

In 1954, Rumsey*® put forth the idea that a structure 
entirely definable by angles, without any characteristic 
length dimension, should have properties that are 
independent of the frequency of operation. However, all 
such angle structures extend to infinity, so the key 
question was which of such structures retained these 
frequency-independent characteristics when truncated 
to a finite length. It should be noted that the well-known 
biconical structure is an angle structure that is of 
frequency independent when it is truncated to form a 
practical antenna. Both impedance and pattern vary 
with frequency for any finite length. 

Rumsey proposed that an equiangular spiral structure, 
which satisfies the angle requirement, might have the 
desired properties, and Dyson*~!! undertook a com- 
prehensive experimental study of an antenna based on 
the equiangular spiral geometry shown in Fig. 4. The 
equiangular or logarithmic spiral* is defined by 


p = eT) org — 6 = ip 


where p and ¢ are conventional polar coordinates, and 
a and 6 are constants. In Fig. 4 the edges of the metallic 
arms are defined by 


p: = ke™* and pe = ket™(¢—9 
for one arm, and by 
p3 = kete- and ps = keto —*-8) 


for the other arm, where the constants a, k, and 6 deter- 
mine the rate of spiral, size of the terminal region, and 
arm width, respectively. With this particular spiral 
the angle between the radius vector and the spiral re- 
mains the same for all points on the curve—hence the 
term “‘equiangular spiral.” Experimental investigation 
established that this particular geometry did indeed 
retain its frequency-independent properties after trun- 
cation, and this design was the basis for a large class of 
successful frequency-independent antennas. 

When this angular structure is excited in a balanced 
manner at the origin, the current flows outward with 
small attenuation along the spiral arms until a region 
of given size in wavelengths is reached. In this region 
(the active or radiating region) essentially all of the 
incident energy transmitted along the spiral arms is 
radiated, and somewhat beyond this region the presence 
or absence of the arms is of no consequence. Because 
the radiating region is of constant size in wavelengths, 
it moves toward the origin as the wavelength of operation 
decreases. The size of effective radiating aperture thus 
automatically adjusts or scales with frequency of opera- 
tion in such a manner that the antenna behaves the 


* The logarithmic spiral was first discussed by Descartes (1638) 
and later (1691-1693) studied by Jacques Bernouilli, who gave it 
its name. Bernouilli was so delighted by the property of the spiral 
reproducing itself under various transformations that he requested 
that the spiral be engraved on his tomb with the inscription “Eadem 
Mutata Resurgo.” 
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same at all frequencies. Because of the spiraling of the 
arms, this scaling is accompanied by a rotation of the 
radiated field about the axis of the antenna. 

It is now known that this automatic scaling of the 
radiating aperture is a condition for operation in a 
frequency-independent manner. It is interesting to note 
that Springer observed this phenomenon on the expand- 
ing helix, but unfortunately the methods of construction 
and excitation limited the bandwidth obtainable to 
something over an Octave, so the importance of scaling 
of effective aperture with frequency was not fully rec- 
ognized. Chatterjee’s measurements aiso show evidence 
of scaling with frequency in the near-field amplitude plots 
from which he calculated radiation patterns; but again, 
possibly because of the physical configuration and method 
of feed, the full significance of this scaling does not 
appear to have been appreciated. In a similar manner, 
the radiating aperture of the Archimedes spiral antenna 
tends to scale with frequency; however, because the 
width and spacing of the spiral arms in the radiating 
region are not constant in wavelengths, as frequency is 
varied, the antenna characteristics change (albeit slowly) 
with frequency. 

At this point it is necessary to define the term “‘fre- 
quency independent”? when it is used with a practical 
finite-sized structure. If the antenna is excited by a 
voltage applied between the two arms at the origin, it 
has an impedance and radiation pattern that are es- 
sentially constant* (that is, independent of frequency) 
for all frequencies above that for which the outer di- 
ameter of the truncated structure is approximately half 
a wavelength up to the frequency at which the diameter 
of the feed region (as determined by the transmission 
line feed) is comparable with a half wavelength. Since 
these two dimensions can be specified independently, the 
design bandwidth can be made arbitrarily large; actually 
it is limited only by practical considerations of con- 
struction—-that is, how large the outer diameter is made 
and how finely the geometry at the feed region can be 
modeled. 

The equiangular spiral antenna, which is bidirectional, 
radiates a very broad, circularly polarized beam on both 
sides of its surface. This bidirectional characteristic 
severely restricts its utility in practice, but a modified 
version, to be described later, provides a highly practical, 
extremely broadband antenna. 


Log-periodic antennas 

In 1955, working with Rumsey on broadband antenna 
development, DuHamel!* proposed that it should be 
possible to force radiation from otherwise ‘“‘angle 
structures” by the use of appropriately located dis- 
continuities. One of the first geometries chosen to 
investigate the validity of this concept was that shown in 
Fig. 5. Here two wedge-shaped metallic angle structures 
have teeth cut into them along circular arcs. The radii 
of the arcs which define the location of successive teeth 
are chosen to have a constant ratio rt = Ry,+\/R,. This 
same ratio 7 defines the lengths and the widths of suc- 


* The pattern actually rotates with frequency about an axis 
perpendicular to the plane of the spiral. If the pattern-measuring 
coordinate system is allowed to rotate at the same rate, the meas- 
ured pattern remains constant; otherwise there will be a (generally 
small) periodic variation of magnitude proportional to the rota- 
tional asymmetry of the pattern. 
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Fig. 3. The discone, a successful early broadband antenna 
having a useful bandwidth of approximately four to one. 


Fig. 4. Sketch showing the geometry of the equiangular 
(or logarithmic) spiral antenna with equations of the edges. 


Fig. 5. A sheet-metal log-periodic antenna. 
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cessive teeth. From the principle of modeling it is evident 
for this structure, extending from zero to infinity and 
energized at the vertex, that whatever properties it may 
have at a frequency f will be repeated at all frequencies 
given by 7”f, where 7m is an integer. When plotted on a 
logarithmic scale, these frequencies are equally spaced 
with a period equal to the logarithm of 7; hence the 
name “log-periodic’ structure. Log-periodicity guar- 
antees only periodically repeating radiation pattern and 
impedance. However, for certain types of such structures 
and for values of 7 not too far from unity, variation of 
characteristics over a period can be quite small, and an 
essentially frequency-independent structure results. It is 
important to note that only a relatively few of the nearly 
infinite variety of log-periodic structures will make 
successful broadband antennas in the sense that the 
impedance and pattern characteristics will remain 
constant when the structure is truncated to a finite 
length. It happens that the geometry of Fig. 5 did result 
in a successful log-periodic antenna. 

The antenna of Fig. 5 was designed :o have one other 
rather special property; namely, thet the metal cut 
away from the plane sheet to form the antenna arms 
has identical shape with the metal that remains. In 
other words, the complementary slot antenna has the 
same size and shape as the metallic dipole antenna. 
Now by an extension of Babinet’s prisiciple it is known 
that complementary-dipole and slot antennas have 
‘impedances Zqg and Z;, respectively, related by Z;Z, = 
(607)?. Because the slot antenna and dipole antenna are 
the same (for the geometries chosen) it follows that 
Zi = Z; = 607 = 189 ohms, a result that is independent 
of frequency. Hence this particular geometry assured 
constant impedance, although not constant radiation 
pattern, independently of the other consideration of log- 
periodic geometry. In view of this use of Babinet’s 
principle in the design of these planar structures, the 
next step to be taken was a bigger one than might at 
first appear. 

Unidirectional frequency-independent and log-periedic 
antennas. Both the equiangular spiral antenna (Fig. 4) 
and the log-periodic antenna (Fig. 5) radiate equally on 
both sides of the plane of the antennas, a result that 
severely limits their usefulness. A major step forward was 
made in extending the range of practical application 
when Isbell!’ bent the two arms of the planar log- 
periodic structure toward each other (out of the plane) 
to form the nonplanar V-shaped antenna of Fig. 6. 
Two rather surprising results were observed. As the angle 
between the two arms of the antenna was decreased from 
180° the radiation pattern changed from bidirectional to 
undirectional, with the major radiation off the apex of 
the antenna—that is, in the backward direction. More- 
over, although one ef the necessary conditions for 
Babinet’s principle (that of a plane surface) was now 
violated, the impedance continued to remain nearly 
constant with frequency, but at a different value, which 
depended upon the angle between the arms. This non- 
planar version of the log-periodic structure, radiating a 
plane-polarized unidirectional beam, greatly increased 
the utility of the log-periodic structures. 

The frequency-independent logarithmic. spiral struc- 
ture also found wider use when Dyson developed a uni- 
directional version by wrapping the balanced spiral arms 
on the surface of a cone, as shown in the antenna of Fig. 


x 


Fig.6. Nonplanar, unidirectional log-periodic antenna. 


Fig. 7. Unidirectional conical spiral antenna. 
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7. For appropriately chosen rates of spiral this modified 
version continued to yield essentially frequency-in- 
dependent performance. For cone angles of less than 
about 45° the pattern became unidirectional with a 
broad-lobed beam, again in the backward direction off 
the apex of the cone. 

The conical equiangular spiral antenna is a balanced 
structure, which may be fed (at the apex) by means of a 
balanced transmission carried up inside and along 
the axis of the cone. Alternatively, it may be fed as il- 
lustrated in Fig. 7 by a coaxial cable carried along and 
soldered in contact with one of the arms. Because the 
amplitude of antenna current on the arms, and also on 
the outside of the coaxial cable, falls off quite rapidly 
with distance from the apex, the ends of the arms where 
the cable enters is essentially a field-free region. This 
type of feed automatically provides a frequency-in- 
dependent balun (balanced converter), permitting the 
balanced antenna to be fed by means of an unbalanced 
coaxial line. To maintain physical symmetry a dummy 
cable is usually soldered to the other arm. Conical equi- 
angular. or log-spiral antennas have been constructed to 
operate over bandwidths of higher than 40 to 1. The 
bandwidth obtained is at the discretion of the designer. 
The upper usable frequency is determined by the trun- 
cated region at the apex, which must remain small in 
terms of wavelengths, and the lowest usable frequency is 
set by the base diameter of the cone, which must be at 
least 3/, wavelength at the lowest frequency of operation 
for spirals that are wrapped fairly tightly. 

A further modification of the conical equiangular 
spiral results in a very practical, easily constructed 
antenna. If the width of the expanding arms is narrowed 
and they are allowed to degenerate to comstant-width 
structures, the cables alone can form the arms. For 
fairly tightly spiraled antennas there is little change in 
the characteristics from those of an antenna with narrow 
expanding arms. 

Other types of log-periodic antennas. The practical 
' value of the log-periodic approach was enhanced even 


Fig. 8. Log-periodic wire antenna for frequencies of 11 to 
60 Mc/s. (Photo courtesy Collins Radio Company.) 
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further when DuHamel!! and co-workers demonstrated 
that successful log-periodic antennas could be made 
with wire structures as well as sheet structures. This 
development extended the range of application down 
from microwaves through the high-frequency band. A 
typical wire version of a log-periodic antenna is shown in 
Fig. 8. It was also demonstrated that for higher gain a 
frequency-independent array of log-periodic antennas 
could be constructed by arranging the antennas like the 
spokes of a wheel with the origins of the individual 
antennas at the hub. 

Still another application of the log-periodic principle 
is the log-periodic dipole array of Fig. 9. As with all 
log-periodic geometries, all dimensions are increased by 
a constant ratio in moving outward from the origin. 
Thus the lengths and spacings of adjacent elements must 
be related by a constant scale factor 7, as follows: 


i d, 

it re fae y 
Although at first glance this antenna might appear similar 
to the early fishbone antenna with r = 1, there are several 
essential differences. For successful operation, the log- 
periodic dipole array must be fed with a transposition of 
the transmission line between adjacent dipole elements. 
The antenna is then caused to radiate in the backfire 
direction (that is, toward the source), a condition which 
appears. to be necessary for successful unidirectional 
frequency-independent or log-periodic operation. The 


Fig. 9. Log-periodic dipole antenna array. A—Lengths and 
spacings of elements. B—Method of feeding. 
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active portion of the array from which most radiation 
occurs is centered around those elements near resonance 
(for which /, is somewhat less than 4/2). As the frequency 
is changed the active region moves back or forth along 
the array. Because practically all of the input power 
is absorbed in and radiated by the active portion, the 
larger elements to the right of the active region are not 
excited. Moreover, because the beam is directed toward 
the feed point at the left, these larger elements are in an 
essentially field-free region, and so do not adversely 
alfect the operation. The shorter elements to the left 
of the active region are in the beam but, because of their 
short lengths, close spacings, and alternate phasings, have 
small influence on the pattern. 

Basic principles of operation of log-periodic and fre- 
quency-independent antennas. Of the almost unlimited 
variety of log-periodic structures that can be devised, 
only a small fraction will produce successful antennas 


d cos » 


0) 3 


\ eae 


Fig. 10. Array of equispaced isotropic radiators. 
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when truncated. It is interesting to search out the es- 


sential requirements for successful design. The operation 


of the log-periodic dipole array of Fig. 9, being simple 
and easily understood, will be analyzed in some detail. 
From the understanding so gained it should be possible 
to extend the analysis to less familiar geometries, and then 
to frequency-independent antennas in general. 

At this point it will be advantageous to recall some of 
the basic notions of antenna array theory. Consider an 
n-element array of equispaced isotropic radiators (Fig. 
10) having equal current amplitudes and a spacing d less 
than one-half wavelength. (An isotropic radiator is one 
that radiates uniformly in all directions; a simple dipole 
antenna is an isotropic radiator in the H_ plane per- 
pendicular to its axis.) At a distant point the electric 
fields from these radiators will add with a phase angle 
between them which is dependent upon the relative 
phasings of the radiator currents and the relative phase 
delays produced by the difference in path lengths to the 
distant point. For the array shown the phase difference 
due to path length difference between adjacent elements is 
(27/\)d cos ¢@ radians. If the elements of the array are 
fed with a progressive phasing of currents equal to a, 
where a represents the angle by which the current in a 
given element /eads the current in the preceding element, 
then at the distant receiving point the phase difference: of 
the fields produced by adjacent elements will be 


20 
p=aty 


x dcos¢ =a-+kdcos> (1) 


where k = 27/) is the free-space phase-shift constant. 
The total electric field at any distant point will be given 
by the phasor sum 


E, = Eo1 + elt we ele se ge ef(n—Dy (2) 


where E, is the field intensity at the reception point 
produced by current Jo. E, can be obtained graphically 


Fig. 11. A and B—Graphical construction for E;. C—Calculated radiation pattern, E, vs. ¢. 
Cc 
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from the construction of Fig. 11(A). Using the par- 
ticular value of a, and computing y from (1) for various 
values of ¢, the construction of Fig. 11(A) can be used to 
determine a radiation pattern of the array; see Fig. 
11(C). It is evident that the total field intensity will be 
maximum when yW = 0, so that all fields add in phase. 

Therefore, for a maximum, ¥y = a + kd cos ¢ = 0. 
The angle ¢,, for maximum radiation is given by 


cos ¢,, = kd 
If the elements are fed in phase, a = 0, and ¢, = 90°, 
so the maximum radiation is broadside. If successive 
elements are fed with a lagging phase of value, a = —kd, 
than ¢,, = 0, so the maximum radiation is endfire in the 
forward direction. If successive elements are fed with a 
leading phase of value, a = +kd, than ¢,, will equal 
180°, and the maximum radiation will be endfire in the 
backward direction. For values of a between —kd and 
+kd, the angle of maximum radiation is at an angle 
between 0 and 180° as given by Eq. (3). By symmetry 
about the axis of the array, there is another maximum at 
an angle between 0 and —180°, which is also given by 
(3). When lal > kd, Eq. (3) cannot be satisfied for 
any real value of ¢; that is, there is no value of ¢ in the 
*‘visible” range between 0.and 180° (hence, also between 
180° and 360°) that will produce a maximum—in the 
sense that all the radiations add in phase. However, if 
la is only slightly greater than kd, so that wis not much 
larger than zero, the total field can still be quite strong in 
the forward direction (¢ = 0) for negative a, or in 
the backfire direction (¢ = 180°) for positive a. This case 
is illustrated by the sketch of Fig. 11(A). On the other 


hand, if |a| is considerably greater than kd (that is, the 
phase shift between elements is large), the phase diagram 
might be as illustrated in Fig. 11(B), with a resulting 
small total EF, for all values of ¢. 

For these cases of large phase shift, as shown in Fig. 
11(B), there is no major lobe anywhere, and the array 
radiates only feebly, scattering its small radiated energy 
in various directions, 

The elementary notions just discussed can be applied 
with some slight modification to an analysis of the log- 
periodic dipole array sketched in Fig. 12. For this pur- 
pose, it is helpful to consider separately three main 
regions of the array. 

1. Transmission-line region. The antenna elements in 
the transmission-line region are short compared with the 
resonant length (that is, /<_ X/2), so the element presents 
a relatively high capacitive impedance. The element 
current is small and leads the base voltage supplied by the 
transmission line by approximately 90°. The element 
spacing is small in wavelengths and the phase reversal 
introduced by transposition of the transmission line 
means that adjacent elements are nearly 180° out of 
phase. More precisely, each element current leads the 
preceding element current approximately by a = 7 — 
Gd, where d is the element separation and @ = 2r/X\ = 
w/v is the phase-shift constant along the line. In genera] 
GB, \, and v will differ from their free-space values owing 
to the loading effect of the elements on the transmission 
lines. Because of the phasing and close spacing of the 
elements, radiation from this region will be very small 
and in the backfire direction. 

2. Active region. In the active region the element 
lengths approach the resonant length (/ slightly less than 


Fig. 12. Transmission-line representation of log-periodic dipole array. 
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\/2), so the element impedance has an appreciable 
resistive component. The element current is large and 
more nearly in phase with the base voltage; the current is 
slightly leading just below resonance and slightly lagging 
just above resonance. The element spacing is now suf- 
ficiently Jarge to allow the phase of current in a given 
element to lead that in the preceding element by an 
angle a = a — 6d, which may approximate 7/2 radians. 
This combination of conditions will produce a. strong 
radiation in the backfire direction. 

3. Reflection region. The element lengths in the 
reflection region are greater than the resonant length 
(/ > \/2), so the element impedance becomes inductive 
and the element current lags the base voltage. The base 
voltage provided by the transmission line is now quite 
small, because in a properly designed array nearly all of 
the energy transmitted down the line has been abstracted 
and radiated by the active region. The element spacing 
may now be larger than \/4. However, as will be shown 
later, the phase shift per unit length along the line in 
this region is small, so the resulting phasing between 
elements (including the phase reversal introduced by the 
transposition) is such that any small amount of radiation 
is still in the backfire direction. In addition, it will be 
demonstrated later that the characteristic impedance of 
the transmission-line becomes reactive in this region. 
Thus, any small amount of incident energy transmitted 
through the active region is not accepted in the reflection 
region but is reflected back toward the source. 

The array as a Joaded transmission line. Some of the 
remarkable properties of log-periodic and frequency- 
independent antennas are attributable to the propagation 
characteristics of the equivalent loaded transmission 
line that conveys energy from the source to the radiating 
portion of the antenna. These effects are particularly 
easy to see in the case of the log-periodic dipole array, 
shown in Fig. 12. On the feed line to the antenna, region 
0, the series inductance and shunt capacitance per unit 
length are shown as L and C, respectively. In the trans- 
mission region of the antenna, region 1, the transmission 
line is loaded by a capacitance per unit length C, that 
represents the loading effect of the short dipoles, which 
have a capacitance reactance. It is noted that to the 
first approximation C, is nearly constant throughout 
this region because at the beginning of the region the 
capacitance per element is small, but the elements are 
closely spaced, whereas near the end of the region the 
capacitance per element is larger, but so is the spacing. 
The effect of the augmented shunt capacitance of the line 
(C + C,) is to increase the phase delay per unit length, 
and since 6 = 27/\ = w/y, this means a decrease of 
wavelength \ and a decrease of phase velocity v along 
the line below the free-space values. This is said to be a 
“slow wave’’ region of the transmission line. Note, how- 
ever, that because of the transposition of the feed Jine 
between elements, successive elements are fed with a 
leading phase shift of « — @ per section. This rapid phase 
shift in the reverse direction corresponds to a slow wave 
in the backward direction along the antenna elements. 

In region 2, the element lengths approach the resonant 
Jength and the transmission line loading becomes 
resistive, designated by the shunt resistance R, in series 
with the antenna capacitance C, and antenna inductance 
L,. The phase shift per unit length, the wavelength, and 
the phase velocity all approach their free-space values. 


Because of the transposition between elements, and ac- 
counting for the fact that the element current leads the 
base voltage by lesser amounts in successive elements as 
the resonant length is approached, it turns out that 
phasing of currents in the elements corresponds to a 
backward traveling wave having a velocity v somewhat 
less than ¢, the velocity of light. 

In region 3 the element lengths become longer than the 
resonant lengih, the antenna inductive reactance pre- 
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Fig. 13. Base voltages along a typical 13-element l!og- 
periodic dipole array at a frequency for which element 
4is half of a wavelength. 


Fig. 14. Element currents corresponding to Fig. 13. 
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dominates, and the loading effect on the line is represented 
by the shunt inductance L,. If the parallel combination 
of L, and C is inductive, we have the equivalent of 
the attenuation region of a filter. The phase shift per unit 
length is then zero (for the lossless case) and the phase 
velocity is infinite; that is, there is‘no wave motion. 
The incident energy propagating down the line is no 
longer accepted but is reflecied back toward the source. 
These results are strictly true only in the case of a lossless 
filter, but they form the first approximation in the case 
of a lossy filter. 

The general features outlined in the foregoing discus- 
sion will be illustrated for a particular log-periodic 
dipole array, which has been analyzed in considerable 
detail.!° Fig. 13 shows the amplitude and: phase of the 
transmission line voltage along a particular 13-element 
log-periodic dipole array. Distance is shown measured 
from the apex of the array, and the elements are num- 
bered starting with the largest element as number 1. 
This set of data is for a frequency f for which element 
number 4 is \/2 long. Several interesting aspects of the 
data are immediately apparent: In the transmission 
region (elements 13 to 7), the amplitude of voltage along 
the line is approximately constant and the phase shift 
between element positions increases gradually from about 
20° to 30°. (Because of the transposition between. ele- 
ments, this means that adjacent elements are fed witha 
progressive phase lead 160° to 150°.) In the active 
region (elements 7 to 4) the amplitude drops sharply 
because of power absorbed by the strongly radiating 
elements, and the phase shift averages about 90° between 
adjacent elements. Finally, in the unexcited or reflection 
region (elements 3 to 1), the amplitude drops to very low 
values and the phase shift between element positions 
is nearly zero (corresponding to the zero phase shift or 
infinite phase velocity in the attenuation region of a low- 
pass filter). 

The resulting element currents for the log-periodic 
dipole array of Fig. 13 are shown in Fig. 14, both in 
amplitude and phase. From the current amplitudes 
(noting that small contributions from elements 12 
through § tend to cancel one another because of the nearly 


- 180° phase shift between them), it is evident that the only 


elements that will contribute appreciably to the ra- 
diation are elements 7, 6, 5, and 4. For these elements, 
the phase difference between adjacent members is ap- 
proximately 90° leading, so a backfire radiation will be 
expected. The phasor diagrams for ¢ = 0°, 90°, and 180° 
are shown in Fig. 15 and the resulting radiation patterns 
are shown in Fig. 16. (The E-plane pattern is the H- 
plane pattern modified by the directivity of the individual 
elements in this plane.) 

As operating frequency is decreased or increased the 
active region moves up or down the array, but radiation 
pattern and input impedance remain almost constant. 

General properties of log-periodic and frequency- 
independent antennas. The manner of operation of the 
log-periodic dipole array has been described in some 
Cetail because of the insight it gives into what are believed 
to be general requirements for successful frequency- 
independent operation. These appear to be as follows: 

1. An excitation of the antenna or array from the high- 
frequency or small end of the antenna. 

2. A backfire radiation (in the case of unidirectional 
radiators), so that the antenna fires through the small 
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Fig. 15. Phasor sum of radiated fields from currents shown 
in Fig. 14, for ¢ values of 0°, 90°, and 180°. 


_ Fig. 16. Radiation patterns resulting from fields shown 


in Fig. 15. A~H-plane pattern. B—E-plane pattern. 
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part of the antenna, with the radiation in the forward 
direction being zero or at least very small. For bidirec- 
tional antennas the backfire requirement is replaced by a 
requirement for broadside radiation. In any case, the 
radiation in the forward direction along the surface of the 
antenna (which theoretically extends to infinity) must be 
zero or very small, 

3. A transmission rezion formed by the inactive 
portion of the antenna between the feed point and the 
active region. This transmission line region should 
have the proper characteristic impedance and negligible 
radiation. 

4, An active region from which the antenna radiates 
strongly because of a proper combination of current 
magnitudes and phasings. The position and phasing 
of these radiating currents are such as to produce a very 
small radiation field along the surface of the antenna or 
array in the forward direction, and a maximum radiation 
field in the backward direction (broadside for bidirec- 
tional antennas). For successful backfire antennas these 
requirements are frequently met with separations less 
than a quarter wavelength and phasings near 90° lead- 
ing, for adjacent elements in the active region. For 
broadside radiation the phasings must, of course, be 
zero. 


5. An inactive or reflection region. beyond the active 
region. All successful frequency-independent antennas 
must exhibit a rapid decay of current within and beyond 
the active region, so that operation will not be affected 
by truncation of the structure. A major cause of the 


rapid current decay is, of course, the large radiation of 


energy from the active region. An additional cause, in 
at least some types of frequency-independent and log- 
periodic antennas, is the attenuation resulting from the 
rejection of incident energy by the reflection region (the 
filter stop-band effect mentioned previously). The 
prevalence and importance of this latter filter action are 
still uncertain. 


Finally, two other observations may be made. Although 
we have tended to think of the structures of Figs. 4, 5, 
7, and 8 as single antennas and the structure of Fig. 9 
as an antenna array, it appears that most frequency- 
independent and log-periodic antennas may be thought 
of as antenna arrays, with the array factor playing an 
important role in the formation of a proper endfire or 
broadside pattern. The localization of the individual 
radiating elements may be easier to see for the case of 
the log-periodic dipole array of Fig. 9, but the array 
action can also be observed in the other cases; it is 
particularly evident in the case of the fairly tightly 
wrapped conical log-spiral. 

The second observation relates to the simiarity be- 
tween antennas derived from the angle concept and 
log-periodic concept. Both lead to a solution of the 
unlimited-bandwidth problem and for this reason both 
have come to be known as frequency independent. 

An example of the similarity between these two antenna 
types can be demonstrated in the case of the log-periodic 
wire antenna of Fig. 8, which produces a linearly pola- 
rized beam off the apex with the electric vector parallel 
to the transverse elements. If two such antennas are 
arranged in space quadrature along a common axis, 
and with a common origin but with one structure scaled 
a quarter period from the other, the resultant combination 


produces a circularly polarized beam with a pattern that 
rotates about the axis with frequency, exactly as in the 
case of the conical equiangular spiral antenna. Con- 
versely, of course, if the pattern of a conical equiangular 
spiral is probed with a linear receiving antenna of fixed 
plane of polarization, the measured pattern will vary log- 
periodically with frequency, as does the pattern of the 
antenna of Fig. 8. 

In addition, it is pertinent to note that if a narrow-armed 
conical equiangular spiral (an angle structure) is flattened 


sideways (along the axis), it becomes a log-periodic zigzag . 


antenna. 


Recent developments 

The log-periodic and angle concepts have been used 
to generate many highly useful antennas of large band- 
width. Fig. 17 shows a very practical two-element 
array of log-periodic dipole arrays capable of main- 
taining a nearly constant radiation pattern and a 50- 
ohm input impedance over the frequency range from 450 
to 2000 Mc/s. The 50-ohm input impedance results from 
feeding two 100-ohm arrays in parallel. Although the 
dipole array is a balanced structure, it can be fed as 
shown with a coaxial cable running up the inside of one 
of the hollow transmission lines, utilizing the frequency- 
independent balun effect previously noted in connection 
with the conical log-spiral antenna. 


Fig. 17. Two-element array of log-periodic dipole arrays. 
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Fig. 18 shows one version of the log-periodic resonant- 
V developed by Mayes and Carrel.” This antenna was 
designed to overcome one of the major shortcomings of 
the ordinary log-periodic dipole array—namely, the long 
physical length of array required to cover a very wide 
band of frequencies. The antenna of Fig. 18 is designed 
to operate in several modes. In the lowest order )/2 
mode, the operation is similar to that of the log-periodic 
dipole array because the forward tilt of the elements has 
small effect for this mode. However, as the frequency of 


- Operation is increased beyond that at which the shortest 


elements are resonant—that is, when the active region 
runs off the front end of the array—the largest elements 


at the rear become active in the 3\/2 resonance mode. 


In this mode the forward tilting of the elements ensures a 
good unidirectional pattern of high directivity. As the 
frequency is further increased, the active region moves 


forward through the array in the 3/2 mode until once 


again it runs off the front end, to return to the rear in the 
5\/2 mode. This scheme makes it possible to obtain large 
bandwidths of the order of 20 to 1 with a relatively 


‘compact array. The pattern and impedance charac- 


teristics remain good over the entire frequency spectrum 
except for intervals about the mode-transition frequencies. 
Based on these principles, arrays have been designed to 
cover all of the television channels from 2 through 83, 


-corresponding to a frequency range from 54 to 890 


Mc/s. 

Another interesting development is that of a log- 
periodic folded-dipole array. At first thought it would 
appear that such an array could not work because 
the short elements at the front of the array present a 
very low impedance, thus short-circuiting the transmission 


region leading to the active region. This difficulty is 
circumvented” by connecting the folded dipoles in series 
with the transmission line, rather than in shunt, and 
recognizing that the active region will occur near first 
resonance, that is near the element length (\/4 < / < 
\/2) where the capacitive reactance of the short antenna 
resonates with the inductive reactance of the folded 
dipole viewed as a short-circuited transmission line. 
This unusual operating mode for the folded dipole 
results in a shorter element length for resonance, and 
consequently a narrow width for the resulting folded- 
dipole array. 

A major problem with log-periodic structures has been 
the design of an antenna that will operate successfully 
when fed against a ground plane to produce vertical 
polarization. One half of the antenna of Fig. 8 can be 
operated over ground to produce horizontal polarization, 
as can an inclined horizontal log-periodic dipole array. 
For vertical polarization, particularly in the high- 
frequency band (3-30 Mc/s), it is desirable to use the 
equivalent of a log-periodic monopole array that has a 
height of only approximately \/4 at the lowest operating 
frequency, rather than \/2. Because of the necessity for 
introducing a transposition between elements (or other- 
wise producing the required phase difference between 
elements) it is not possible simply to use one half of a 
log-periodic dipole array fed against ground. 

Several solutions to this problem, having varying 
degrees of success for different applications, have been 
developed by a number of workers in the field.?!~°3 
A quite recent development?‘ using folded monopoles 
with added phasing elements promises to be very useful. 

Three versions of this antenna are shown in Fig. 19, 


Fig. 18. Log-periodic resonant-V array, for operation in several modes. 
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Fig. 19. Log-periodic arrays of folded elements. 
A—Log-periodic folded-dipole array. | B-—Log-periodic 
folded-monopole array. C-—Log-periodic folded-slot array. 
D—Duals: folded slot and folded dipole. 


Fig. 20. Model of wide-aperture log-periodic array for 
high-frequency radio direction finding (3-30 Mc/s). 


The log-periodic folded-slot array (A) was conceived 
first, but by duality, the log-periodic folded-dipole 
array (B) is obtained automatically. Because this array 
possesses the proper image symmetry about the horizontal 
axis (horizontal currents in opposite directions, vertical 
currents in the same direction), one half of the array can 
be fed against a ground plane to produce the folded 
monopole array of (C). The duals, folded slot and folded 
dipole, are illustrated in (D). The dimensions of the phas- 
ing slots in (A), or phasing strips in (B) and (CQ), are 


adjusted experimentally to provide the required phasing. 


between successive dipoles or monopoles to produce a 
good backfire beam. 

For greater directivity than can be achieved with a 
single frequency-independent antenna (or array) it is 
possible to use the frequency-independent structure as 
the broadband feed of a large paraboloid. Although the 
resultant combination is no longer frequency independ- 
ent, high-gain antennas having a usable bandwidth as 
high as ten to one have been built by use of this approach. 

Some of the high-gain paraboloid tracking antennas 
for the Atlantic Missile Range have been modified to 
use two conical Jog-spiral antennas as a circularly 
polarized broadband feed in a conical scan system. This 
application covers a frequency band of 215 to 1000 
Mc/s, but the feed elements themselves are capable of 
operating continuously to 2300 Mc/s. 

An alternative approach to the high-gain broadband 
problem is illustrated in the model of a broadband 
(3-30 Mc/s) wide-aperture radio-direction-finding array 
shown in Fig. 20. For frequency-independent arraying, 
the individual elements should le along radials and 
be arranged to fire inward toward the common origin 
(toward the hub of the wheel). Unfortunately this ar- 
rangement requires opposite elements to fire through 
each other, and severe pattern deterioration results. 
In the array of Fig. 20 the log-periodic antennas fire 
outward. A 100° sector of elements is connected together 
through an appropriate phasing network and rotating 
switch or goniometer to form a narrow beam, which 
rotates with the goniometer as the latter connects in 
elements on one side of the sector and disconnects them 
on the other side. Again, this arrangement is far from 
being frequency independent, but the use of broad-band 
log-periodic structures as array elements is an improve- 
ment over the earlier use of frequency-sensitive elements. 

This last example indicates that although truly re- 
markable progress has been made in the past decade in 
achieving broadband antenna operation there still remain 
some challenging problems for the future. Among these 
challenges are the design of broadband antennas having 
very high gain, and the design of frequency-independent 
antennas to produce specified radiation patterns. 
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